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Abstract 
Biological tissues are compositionally and structurally exquisite – a complex network of proteins and cells 
organised with molecular-precision. Structure is present from the angstrom length scales of proteins and 
extends to macroscale structure of organs. Unfortunately, in the absence of an organ transplant or tissue 
graft, there are no technologies that can completely repair or restore this complex system when it fails. 
With the hopes of regenerating failing tissue, tissue engineers have developed porous scaffold structures 
able to support cell life. These man-made environments are designed with biological, mechanical and 
structural cues that prompt regenerative processes and return healthy tissue function. As yet, these 
structures are unable to recreate the complexities of the biological environment, limiting the success of 
this approach. 
Developments in the field of nanotechnology have realised approaches to make materials with defined 
nanoscale properties. Continued research may allow the development of sophisticated nanobiomaterials, 
with properties that rival the complexities of biological environments and improve tissue regeneration. To 
this end, we explored the use of carbon nanotubes (CNTs) within the field of tissue engineering and bone 
regeneration. 
We investigated the use of 3D CNT tissue scaffolds for use in bone regeneration. Since the first report of 
CNT synthesis in 1991, there are numerous reports exploring their use in biological applications, however, 
none of these reports describe a mechanically stable 3D CNT structure that would be necessary for bone 
replacement. We address this deficiency by leveraging the properties of mechanically stable and porous 
ceramic scaffold structures and coating them with CNTs using chemical vapour deposition (CVD). We 
abate limitations in previous CVD coating procedures for coating CNTs throughout porous structures. We 
then demonstrate these surfaces are high quality arrays of aligned CNTs, are non toxic and able to support 
the attachment, spreading and proliferation of adipose derived stem cells and human osteoblasts. 
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Following the successful development of a 3D CNT material, we investigated the potential for using CNTs 
to create well-defined nanoenvironments capable of regulating cell differentiation. We fabricated glass 
coverslips with coatings of aligned CNTs that mimic the aligned anisotropic fibrous environments present 
in many extracellular tissues including muscle and bone. We explored the relationship that these 
nanofeatures had on differentiation of adipose derived stem cells evaluating RNA expression with 
quantitative polymerase chain reaction, colorimetric assays and long-term fluorescent time-lapse imaging. 
This research is the first report of non-biased quantitative measurement of cell shape during long term 
differentiation studies. In contrast to previous techniques, it allows the direct measurement of cell shape 
rather than previous work that defines the features of the underlying substrate and neglects the resulting 
cell shape. This approach offers novel insights into the relationship between the nanoenvironment, cell 
shape and cell differentiation. We show that cells over aligned environments differentiate towards a 
myogenic fate and adopt a characteristic myogenic elongated shape as well as alignment of cells. 
We believe that the novel nanomaterials presented in this thesis, demonstrate the potential of these 
technologies in the development of complex materials for artificially engineered tissues and organs. 
Continued research of nanomaterials promises to better recreate the complexities of the biological 
environment, instructing healthy regenerative processes and promoting tissue function. 
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1.1 Tissue Engineering 
Tissue engineering addresses health problems resulting from the damage and failure of tissue and organs. 
As defined by Langer and Vacanti, “tissue engineering is an interdisciplinary field that that applies the 
principles of engineering and life sciences toward the development of biological substitutes that restore, 
maintain, or improve tissue function”.1 Common strategies to engineer tissue are centred around the 
fabrication of scaffold structures that support cell life. In contrast to trying to directly replace the complex 
functions and extraordinary properties of biological tissues, such scaffolds are designed to facilitate the 
healthy growth of cell populations which in turn restore tissue function. To achieve this, tissue engineered 
scaffolds conform to numerous demanding requirements. Most apparent is the need for a scaffold to be 
biocompatible. Generally, this requires that the scaffold does not get rejected by the host or induce toxicity 
to populating cells and the surrounding tissue. Accordingly, the scaffold should allow cells to directly 
interact with the scaffold surface, supporting both cell attachment and migration throughout. Following 
cell attachment some tissue scaffolds are designed with cues that further direct biological behaviours 
inducing cell maturation, biochemical secretions and the differentiation of proliferating stem cells to one 
of the many different tissue types. The scaffolds must also allow for the transport of nutrients, waste and 
other essential proteins to cells while supporting the dynamic mechanical and rheological forces present 
in vivo. Finally, the scaffolds must have a similar architecture to the tissue being replaced. Generally, this 
stringent set of criteria reflects the need for tissue scaffolds to mirror the properties of the extracellular 
matrix of the tissue of interest. 
1.1 The Extracellular Matrix 
Tissue engineers aim to fabricate environments that support cells. Within tissues, the natural cell 
supporting environment is known at the extracellular matrix or ECM. The ECM in an assembly of cell 
secreted biochemicals that provide structural and chemical support to cells. The typical mammalian ECM 
is made from a core of approximately 300 different proteins.2,3 ECM proteins are built from repeating units 
 3 
which form into long fibre-like strands of insoluble, cross-linked macromolecules with nanoscale features. 
These proteins are loosely defined into three separate groups: collagens, proteoglycans and glycoproteins 
(Figure 1). In addition to these constituents, the ECM may also contain other biochemicals used in ECM 
maintenance or cell behaviours. Since these constituents are present in a cells immediate environment, 
they are responsible for the local control of cell behaviours. Within tissues, global control of cells is 
achieved through the use of unbound chemical mediators which float through the extracellular fluids. 
These chemical mediators include enzymes, growth factors and cytokines. 
 
Figure 1 shows a generic cell (orange) with integrin clusters (red) interacting with the ECM (dark green/light green spirals are 
proteoglycans/glycoproteins and blue fibres are collagen) 
Collagen is the most abundant protein in the human body and constitutes around 30% of all proteins by 
mass. Collagens are relatively stiff proteins and thus provide structural support to tissue. There are 28 
different types of collagens built from 43 different collagen subunits each with a unique composition and 
molecular shape. All members of the collagen family contain a triple helix structure to varying degrees 
however to build the distinct ECM of the many different tissue types, the type of collagen, its composition 
and assembly are varied.4 
Proteoglycans are a type of negatively charged protein interwoven and spread throughout the ECM. While 
the collagen family provides structural support to the ECM, proteoglycans play a role in its biochemical 
interactions. This is mediated by glycosaminoglycan proteins attached to the proteoglycan protein core.5 
Glycosaminoglycans play important roles in the interaction of the ECM with collagens, growth factors, 
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glycoproteins and cations such as sodium or calcium. Interaction with cations can also be used to capture 
water for use in biochemical systems.2,5 
Like proteoglycans, glycoproteins are interwoven and spread throughout the ECM. It is estimated that 
there are 200 different types of glycoproteins.2 Similar to proteoglycans, they adhere to chemical mediators 
and perform functions assisting cell adhesion. They are also involved in intercellular signalling as well as 
the assembly and strengthening of the ECM.3 One of the most well-known glycoproteins is fibronectin; an 
integrin binding macromolecule with important roles in cell adhesion. 
Proteoglycans and glycoproteins are less predominant in bone than in the ECM of other tissue types such 
as cartilage and tendon. In these other tissue types such molecules play roles in increasing tissue elasticity, 
hydration and organisation of the ECM. In bone proteoglycans and glycoproteins are dispersed throughout 
the bone matrix.6 Their roles are to help mineralisation as well as provide cellular cues that help to dictate 
the matrix structure.7 Specifically, indirect immunofluorescence study of a small proteoglycan 
demonstrated that such molecules play roles in bone formation.8 
1.2 Cell Interactions with the Extracellular Environment 
Cell behaviour is regulated by a complex integration of biochemical, mechanical and architectural cues 
from the extracellular environment such as the ECM or synthetic environments. Traditionally, biochemical 
cues, including growth factors, were considered paramount in regulation of cell behaviours including cell 
proliferation and regulating stem cell fate during tissue regrowth, while the mechanical and architectural 
properties of a scaffold were considered to provide permissive conditions under which biochemical 
stimuli controlled cell behaviour.9 Accumulating evidence demonstrates that the physical properties of a 
cellular environment play a role in controlling cell fate. Researchers are exploring the different ways 
physical environments can alter mechanotransductive signalling and downstream cell behaviours. In 
2006, seminal work by Engler et al. showed elastic properties of the extracellular environment influence 
cell fate of human mesenchymal stem cells (hMSCs).10 They demonstrated soft substrates induced 
 5 
neurogenesis, while stiffer substrates induced myogenesis, and comparatively rigid substrates promoted 
osteogenesis; a result corresponding to the native tissue elasticity of the induced phenotype. These 
findings suggest that differences in substrate stiffness provide differences in the forces transmitted and 
sensed by cells in that environment. Through such mechanotransductive processes cells convert physical 
stimuli into biochemical signals thereby regulating cell proliferation and differentiation behaviours. 
This has initiated important research studies towards exploring the different ways physical environments 
can alter mechanotransductive signalling and downstream cell behaviours. In addition to differences in 
stiffness, the architecture of the extracellular environment influences cell behaviours. For example, during 
embryogenesis, cells at the periphery of a developing organism experience different architectural cues to 
those on the inside. This spatial polarity alters mechanotransductive pathways and leads to segmentation 
and the eventual formation of defined tissue architectures11 with Par (partitioning defective) complex 
(composed of Par3, Par6, and aPKC) and associated Rho GTPase signaling, implicated as regulators of cell 
polarity during such processes.12 
Similar effects have been created by confining the area to which a cell can attach. Cells confined to areas 
with relatively low compactness (the ratio of a shape’s circumference divided by its area), such as a circle, 
results in lower intracellular forces, compared to areas with high compactness, including long and thin 
rectangles, in which cells experience higher intracellular forces.13 Furthermore, populations of cells 
confined to areas of high compactness experience large intracellular forces that direct differentiation 
towards tissue types that physiologically experience high forces, as is the case in cartilage and bone. 
Conversely, cells confined to areas of low compactness will experience less force and differentiate towards 
tissues that experience low physiological forces such as adipose tissue.14  
Changing the topography of the surface to which cells attach is another way in which cell 
mechanotransduction is modulated. The influence of differing topographies reflects that of confining cell 
adhesion.15 Topographical features of varying size, shape and spacing can determine cell attachment, 
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integrin clustering, cytoskeletal structure, cell shape and cell polarity altering their mechanotransductive 
signalling and in turn downstream behaviours including differentiation.9,12,16 For example, topographies 
with small round features can restrict cell spreading to small areas and rounded shapes with lower 
intracellular stress thereby promoting adipogenic behaviours, whereas those with large elongated features 
can promote cell spreading and large cell areas with elongated cell shapes and higher intracellular stress 
that favour osteogenic behavior.14,17 Such surfaces have been used to specify differentiation for a range of 
tissue types including osteogenic,17–20 tenogenic,21 chondrogenic,22 myogenic,23–26 adipogenic27 and 
neurogenic tissues.28,29 This is appealing in the field of tissue engineering where topographical surface 
modifications offer a simple and cost-effective alternative to traditional differentiation techniques that 
would otherwise require growth factors or other biochemicals that are relatively unstable and expensive. 
1.3 Biomaterials 
The definition of a biomaterial is an evolving concept reflected in function as well as the science and 
technologies its uses. Early definitions considered biomaterials as “non viable materials used in a medical 
device, intended to interact with biological systems”.30 However, as the approach, functions, and 
technologies used in biomaterials developed, biomaterials have become more generally defined. This 
includes the consideration of materials derived of a biological origin such as alginate, chitosan and collagen 
materials; as well as a definition reflected in the new technologies use in the materials. This considers 
materials that have live cells, active pharmacological components, gene therapies and active diagnostic 
abilities. One more recent definition is: “A biomaterial is a substance that has been engineered to take a 
form which, alone or as part of a complex system, is used to direct, by control of interactions with 
components of living systems, the course of any therapeutic or diagnostic procedure, in human or 
veterinary medicine.”30 
The use of biomaterials stretches back to the peak of the Ancient Egyptian Empire 1500 BCE, where 
evidence shows that lead and papyrus catheters were used for urinary drainage, plant fibers were used to 
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sew wounds shut and prosthetic limbs were fashioned from wood.31,32 Such early implementations of 
biomaterials aimed to achieve adequate functional replacement of a replaced tissue. Consequently, 
materials chosen for such purposes aimed to elicit a minimally harmful response from a host – resulting 
in materials were often highly inert, such as gold used in dental implants.33 It was not until scientific 
advances were able to demonstrate that a material could elicit favorable responses that biomaterials begun 
leveraging such effects. These biomaterials were dubbed as ‘bioactive’ and included early implementations 
such as ceramic bone implants and degradable sutures.33 Technological advances have worked towards 
biomaterials capable of supporting the complete regeneration of a tissue. 
1.3.1 Ceramic Biomaterials for Bone Regeneration 
One strategy in tissue engineering is the use of biomaterial scaffold structures that support cell life (as 
mentioned above in section 1.1). Scaffold-based biomaterials must comply to the physical and biological 
requirements of the replaced tissue they replace as well as the requirements present in the clinical setting 
in which they are used. Bioactive ceramic scaffolds are a class of biomaterials showing promise for 
applications in bone tissue engineering. The ceramics hydroxyapatite, β-tricalcium phosphate, biphasic 
calcium phosphate, and bioactive glass have been extensively studied for such applications. These 
materials share compositional similarities with bone having a high composition of calcium and phosphate 
minerals. Such a composition is known to aid regenerative process in bone healing through the release and 
substitution of these minerals into forming bone.34,35 Further, the presence of these minerals is known to 
foster a favourable environment for the attachment, proliferation and differentiation of osteogenic cells.36 
In addition to being compositionally similar to bone, there are numerous techniques that are readily 
available to fabricate these ceramics into architectures resembling that of bone. Such porous and 
interconnected structures can be achieved using polymer foam replication, salt leeching, freeze casting 
and rapid prototyping techniques.37	
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1.3.1.1 Calcium Phosphate Bioceramics 
Bone mineral is composed of a carbonated hydroxyapatite or HA. The chemical composition of HA – 
Ca5(PO4)3(OH) – shows a majority composition of calcium phosphate. HA is the most chemically stable 
form of these minerals in the aqueous state. Depending on the bone, HA constitutes between 0-43% of its 
total mass and accordingly,38 its use as a biomaterial for bone regeneration is prolific.39 The most common 
calcium phosphate biomaterials in use are HA, β-tricalcium phosphate (β-TCP) and biphasic calcium 
phosphate (BCP).40 
The formation of new bone through HA crystal mineralisation is mediated through precipitation of 
calcium phosphates within the ECM environment.41 Scaffold materials that provide these minerals 
exogenously can accelerate bone formation with exogenous calcium been shown to act chemotactically, 
promoting migration of osteogenic cell progenitors, or to act upon regulators of osteogenesis.42,43 Such 
osteogenic signalling has also been demonstrated in response to phosphate ions, with increasing 
mineralisation, mediated through alkaline phosphatase activity.36 
1.3.1.2 Strontium Hardystonite-Gahnite Scaffolds 
The use of bioactive ceramics for bone tissue regeneration has been limited by their low toughness and 
propensity for brittle fracture. The resulting materials have poor stability and a potential for catastrophic 
failure.44 Attempts to remedy these problems have turned to alternative ceramic materials including 
calcium silicates. Generally, compared to calcium phosphates, calcium silicates are more mechanically 
suitable whiling sharing the benefits of soluble dissolution products capable of inducing HA mineralisation 
and inducing new bone formation.36,45 Still, the use of calcium silicates for bone regeneration has been 
limited due to their high degradation in biological environments, and thus compromised structure. To 
address this limitation, efforts have been made to alter degradation of calcium silicates. This has included 
doping of the ceramics with zirconium (baghdadite),46 zinc (hardystonite),47 strontium (Sr-CaSiO,48 Sr-
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hardystonite),47 and magnesium (akemanite,49 bredigite,50 diopside)51 to produce more chemically stable 
ceramic compositions. 
More recently, work in the Tissue Engineering and Biomaterials Research Unit has shown a strontium-
hardystonite-gahnite ceramic was able to stimulate regeneration across critical sized defects in the radius 
of a rabbit (Figure 2). Specifically, implantation of Sr-HT-Gah and TCP/HA scaffolds in an orthopedically 
relevant critical-sized 13 mm defect in the radius of a rabbit. X-rays show bone in growth at the defect site 
12 weeks after implantation. Sr-HT-Gah demonstrates superior bridging of the defect compared to the 
clinically relevant TCP/HA. 
 
Figure 2: Implantation of Sr-HT-Gah and TCP/HA scaffolds in an orthopedically relevant critical-sized 13 mm defect  in the radius of a 
rabbit. X-rays show bone in growth at the defect site 12 weeks after implantation. Sr-HT-Gah demonstrates superior bridging of the 
defect compared to the clinically relevant TCP/HA. Adapted from Roohani-Esfahani et al. 2013. 
In addition to showing promising bioactivity, Sr-HT-Gah scaffolds have a compressive strength of 4.1 ± 0.3 
MPa at 85% porosity, 100 times stronger than TCP/HA at the same porosity and interconnectivity. 
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This thesis expands upon previous work in the Tissue Engineering and Biomaterials Research Unit, were 
bioactive Sr-HT-Gah ceramic scaffolds have been fabricated with the required physical and biological 
properties to serve as viable bone replacements.47 These materials have subverted some of the traditional 
problems facing ceramic materials used in such applications. This includes unsuitable mechanical strength 
and toughness at the porosities required for nutrient/waste diffusion and angiogenesis throughout the 
scaffolds.	
1.3.1.3 The Structure and Composition of Bone 
Bone is a composite structure with two major constituents: organic collagen and inorganic bone mineral 
hydroxyapatite. While the relative compositions of collagen and HA vary according to species, anatomical 
location, age, sex and exercise,38 human bone varies between 0 to 43% mineral content by volume.52 The 
two constituents of bone are hierarchically organised across multiple scale lengths as depicted in Figure 3 
below. This organisation begins with the protein sequences that form the macromolecule tropocollagen 
and extends through to the macroscale pores and dense shell of cancellous and cortical bone respectively. 
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Figure 3 depicts the hierarchical organisation of structures at multiple lengths within bone 
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Cancellous bone is of the highest interest to tissue engineers since the porous structure allows transport 
of nutrients and minerals, vascularisation and future remodelling, all of which are critical for tissue growth. 
At the nanoscale, cancellous bone is composed of arrays of parallel fibrillar type-I collagen over which 
platelet shaped carbonated HA crystals sit.38,52–54 These structures are aligned longitudinal to the osteons 
and the plane of the lamellae52,53. The base unit of the collagenous component of this structure is the long, 
rod-like (1.5 nm diameter, 300 nm long) triple helix tropocollagen molecule (as depicted in the 6th layer of 
hierarchy in Figure 3 above). Under physiological conditions, the tropocollagen macromolecule 
spontaneously undergoes fibrillogenesis.55 This creates the supramolecular collagen fibres which are 
stabilised by hydrogen bonding between tropocollagen.38 As mentioned above, collagen fibres have 
diameters in the range of 20-400 nm and lengths determined by the number of axially repeating 
tropocollagen units (as depicted in the 6th layer of hierarchy in Figure 3 above).56 The distance between 
tropocollagen macromolecules within a collagen fibre has been measured as 1.25 nm in mineralised wet 
bone.52 Longitudinal distributions in charge along the tropocollagen molecule direct the axial staggering of 
tropocollagen macromolecules within a collagen fibre. This stagger forms the characteristic 67 nm periodic 
‘band/gap’ structure of collagen depicted above in Figure 3. Here, tropocollagen molecules overlap forming 
a ‘band’ region for 27 nm and leave a ‘gap’ for 40 nm.53  
It is along the gap section of collagen fibres that HA platelets form and for this reason, HA is found 
periodically along collagen fibres (see Figure 3).53,57,58 These plates are polycrystalline and composed of 
smaller crystals in the order of tens of microns long.53,59,60 HA crystals are arranged parallel to the axis of 
the collagen fibre with an average 4 HA platelets in contact with each tropocollagen macromolecule.53 The 
overall dimensions of the platelets are reported to be 2-5 nm thick, 10-80 nm wide and up to 200 nm 
long.52,53,61,62 
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1.3.2 Nanomaterials 
Early definitions of nanomaterials considered “any material, either organic or inorganic (but not purely 
chemical or a naturally occurring biomolecule such as a sugar or lipid), that was <100 nm in at least one 
of its dimensions.”63 However, as the study of nanomaterials has matured this definition has addressed the 
ambiguity of nanomaterial objects which have always been present in our environments, as well as those 
with size dependent properties present at the order of hundreds of nanometres. Further, with 
bionanotechnologies now established as one of the principle subdisciplines of nanotechnologies, 
definitions extend to encompass subcategories including bionanomaterials -  more recent definitions 
being somewhat complex: “any material at the submicrometer level, be it biotic or abiotic, that can be 
interfaced with a “biological” in pursuit of creating a novel “value-added” entity. Further, this material 
must be intentionally produced on this scale, have discrete functional or structural parts arrayed on its 
surface or internally, and display a unique property or composition that may not be available to the same 
material in the bulk scale.”64 
The use of nanomaterials in tissue engineering promises to leverage the extraordinary chemical, electrical, 
optical and physical properties of nanomaterials that are not available to the same material at larger 
scales.64 With use of nanomaterials, researchers have already demonstrated numerous biotechnological 
applications including improvements to cancer therapies, bio-imaging, drug and gene delivery, pathogen 
and protein biosensing and cosmetic products.65  
Because the ECM is built from an assembly of nanoscale proteins,15,16 building cellular environments from 
nanomaterials gives tissue engineers the opportunity to incorporate levels of detail comparable to the 
natural ECM, and thus, more accurately reproduce the natural cellular environment. Accordingly, 
nanobiomaterials with controllable nanofeatures have been shown to influence almost every facet of cell 
behaviour including cell adhesion, migration, proliferation, signalling, genetic expression and stem cell 
fate.9 As a consequence of these findings, many developing biomaterials are being designed with nanoscale 
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features that elicit favourable cellular behaviour. Such designs require that: there are reliable methods to 
fabricate and control such details; and, there is an understanding of the mechanisms by which nanoscale 
details influence cells. Given this, biomaterials can be optimised to best replace damaged tissues. 
Some of the most popular fabrication methods with controllable nanoscale details include: 
electrospinning, photolithography, the self-assembly of nanofibers, chemical etching and surface 
modifications with nanomaterials. 
1.4 Carbon Nanotubes 
This thesis looks to leverage the unique properties of carbon nanotubes or CNTs as a value adding entity 
to the high strength ceramic bone scaffold substitutes previously developed at the Tissue Engineering and 
Biomaterials Research Unit. The following section introduces CNTs, their properties and their potential 
for uses as nanobiomaterial. 
Carbon nanotubes are graphitic tubular structures that have attracted a high interest due to their distinctive 
mechanical, structural, electrical and chemical properties. The structure of CNTs is shown below in Figure 
4. Carbon atoms in CNTs form bonds in a graphitic hexagonal sp2 hybridization state. They are commonly 
divided into two subsets: single-walled carbon nanotubes (SWCNTs) shown at the left of Figure 4 and 
multi-walled carbon nanotubes (MWCNTs) shown at the right of Figure 4. MWCNTs can be visualised as 
any number (typically in the range of 2-40) of concentric SWCNTs.  
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Figure 4 depicts the structure of SWCNTS and MWCNTs 
CNTs with a highly graphitic structure, lacking chemical or structural defects and functionalization are 
described as ‘pristine’. The properties of CNTs are heavily dependent on how pristine, or conversely, the 
number of defects introduced into the graphitic hexagonal structure. For example, the inclusion of 
pentagons and heptagons as a so-called Stone-Walls defect, the break down of perfect hexagonal sp2 
bonding hereby permitting incorporation of non carbonaceous species including but not limited to oxygen, 
nitrogen and boron. This effects the transport of electrons and thus chemical, thermal and electrical 
properties, as well as altering bond strength and thereby mechanical and structural characteristics.66 
1.4.1 Properties of CNTs 
Pristine SWCNTs have a tensile strength approximately 30 times that of steel.67 While MWCNTs have been 
reported with values exceeding those of SWCNTs, the potential for weaker strength is greater due to an 
increasing chance of defect formation during synthesis.68,69 Higher mechanical strength of pristine 
MWCNTs is believed to be a results of stabilising Van der Waals forces that prevent buckling or failure.68  
As a result of the graphitic hexagonal sp2 hybridization state, CNTs have strong non-polar covalent bonds 
and a hydrophobic surface making them difficult to disperse in solution. The consequential agglomeration 
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of CNTs in solution remains one of the main challenges facing the widespread use of CNTs.70 The presence 
of CNT aggregates prohibits the formation of a reinforcing or conducting network which could otherwise 
toughen the material, increase its conductivity and/or change its chemical properties. Accordingly, most 
applications of CNTs begin with the preparation of a homogeneous dispersion. Tissue-friendly dispersion 
mediums that have been proposed for this purpose include: carboxymethycellulose,71 a form of hydrolysed 
collagen; gelatine72 and the tissue culture protein supplement bovine serum albumin.73 It should be noted 
that for cells cultures which use aqueous CNTs (that is, not as part of a composite or bound to a substrate), 
the state of CNT dispersion affects their interactions with proteins74 and growth factors.73 
1.4.2 Applications of CNTs 
Despite considerable research efforts over nearly two decades, CNTs have seen minimal commercially 
successful applications – with the exceptional properties of individual CNTs yet to be translated to bulk 
material properties at the same orders of magnitude. Further, a major barrier for moving CNTs from the 
lab bench to the market is their expensive and low volume production capabilities making CNT products 
economically unviable.75 
While there are numerous potential applications, real world applications have seen only a few of these 
realised, including composite materials in sports products including golf clubs, tennis racquets and vehicle 
fenders, optical components in X-ray tubes, and battery technologies with inclusion in Li ion batteries.76 
1.4.3 Carbon Nanotube Synthesis 
Since the discovery of MWCNTs in 1991 by Iijima77 and SWCNTs in 1993 by Iijima and Ichihashi,78 
numerous methods have been developed for their synthesis including discharge, laser ablation,79 CVD,80 
flame pyrolysis,81 vacuum pyrolysis,82 hydrothermal synthesis,83 and electrochemical methods.84 
Accurately modelling the synthesis of CNTs has proven non trivial, with no published model able to 
accurately explain all the experimental observations.85 Mechanistically, CNTs are believed to proceed in a 
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manner similar to that of carbon fibres, following the kinetics of crystal growth as proposed in 1964 by 
Wagner and Ellis,86 and later adapted for carbon fibres by Baker87. This model describes the decomposition 
of carbon over a metallic catalyst. A carbon tube is precipitated from the catalyst particle as decomposing 
carbon becomes saturated. 
Currently, CNTs are synthesised via three main methods: arc discharge, laser ablation and chemical vapour 
deposition. Each of these methods makes use of a transition-metal catalyst in the presence of a gaseous 
carbon feedstock. Although CNTs will form from a variety of different catalysts, the most widely 
documented methods use cobalt, iron or nickel catalysts. Typically, a CNT catalyst is formed over a small 
nanoparticle, with the size of the catalyst particle determining the consequential diameter of the extruded 
CNT.88 Common methods for coating substrates with a catalyst or catalyst synthesis are done prior to 
carbon decomposition; including spin coating,89 sputter coating,90 and electron beam evaporation,91 sol-
gel precipitation,92 impregnation,93 and co-precipitation.94 CNTs are formed when the metal catalyst 
precipitates carbon from the gaseous carbon feedstock over its surface. As more carbon is precipitated 
from the gas, temperature and concentration gradients extrude a ring of graphitic carbon from the catalyst 
surface forming the long tubular structure characteristic of CNTs. 
Changes to the CNT synthesis conditions can be used to alter the physical, mechanical, electrical and 
chemical properties of the CNT product. For example, longer CNTs can be easily obtained through longer 
exposure times between catalyst and gaseous carbon feedstock. However, modifying other specific 
properties such as a CNTs diameter is not quite so straightforward. Difficulty controlling these properties 
arise from an inability to directly manipulate one growth determining variable without a complex 
interaction between any number of other variables.85 For example, changes to pressure will have effects on 
the temperature, the flow field of the gaseous precursors and precursor decomposition and reactivity. 
Furthermore, since local variations in synthesis variables are both complex and difficult to avoid – 
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especially those at the nanoscale – it is common that the CNT product will display a variation both between 
and within samples. 
1.4.3.1 Chemical Vapor Deposition 
Currently CVD is widely recognised as the most practical synthesis technique for CNT synthesis.80 Benefits 
of this approach include straightforward apparatus design, continuous operation and simplified post-
synthesis purification. Importantly, the use of CVD allows some control over CNT properties, 
including the ability to control dimensional properties such as CNT diameter, length, location of 
extrusion, as well as chemical properties, through alteration of synthesis temperate, pressure and precursor 
concentrations. Further, CVD is able to complete synthesis at relatively a large scale – despite still lacking 
scalability to realise economic feasibility for many applications.95,96 
The synthesis of CNTs via CVD proceeds as described above, with the decomposition of a gaseous carbon 
feedstock over the surface of a metal catalyst. As carbon saturates the catalyst, a ring of graphitic carbon is 
extruded into a long tubular structure. For CVD, typical choices for the gaseous carbon feedstock that is 
flowed through a reactor includes light hydrocarbons such as CH4, C2H2, C2H4, alcohols and CO; with 
typical catalyst particle being small nanoparticles of Fe, Ni and Co.85 The temperature observed for 
successful range of CNT synthesis ranges between 500 – 1100 ˚C depending on the carbon source; with 
more reactive carbon feedstock requiring lower temperatures – however, is should be noted that lower 
temperatures are usually associated with a reduced quality of CNTs, with higher defect rates and non 
carbonaceous inclusions with the CNTs. 
Typical CNT synthesis using CVD is supported with a horizontal tube furnace apparatus. The reactive 
gaseous mixture is injected to flow over the catalyst surface where is will decompose and CNTs will be 
grown (Figure 5). 
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Figure 5: Apparatus for the chemical vapour deposition of carbon nanotubes 
1.4.4 Characterisation of CNTs 
Due to the wide range of properties that CNTs exhibit, a thorough characterisation requires the use of 
numerous techniques. The minimal requirement to confirm the presence of CNTs typically requires 
transmission electron microscopy (TEM) and Raman spectroscopy – together being able to confirm the 
presence of graphitic sp2 hybridised carbon as well as tubular nanostructure. Common techniques for 
further characterisation include scanning electron microscopy (SEM), atomic force microscopy (AFM), 
thermogravimetric analysis (TGA), x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDX), 
florescence and absorbance spectroscopy (UV-VIS-NIR). 
1.4.4.1 Electron Microscopy 
The characterisation of CNTs with electron microscopy including TEM and SEM can provide data useful 
for determination of numerous properties. While SEM and TEM can both provide structural parameters 
such as CNT diameter and length, TEM can provide additional information including chiral angle (relating 
to electronic properties of CNTs) as well as the inner diameter of the CNTs, and if MWCNTs are grown, 
then the number of walls and their inter-wall spacing. It should be highlighted that since SEM does not 
 20 
typically penetrate CNTs, the tubular structure of CNTs can not confirmed, and thus an observer can not 
confirm the sample is not carbon fibres. 
1.4.4.2 Raman Spectroscopy 
Raman spectroscopy of CNTs is a powerful characterisation technique for analysis of CNT quality as well 
as their structural, electronic and chemical properties including degree of graphitisation. Due to this 
versatility, characterisation with Raman spectroscopy is seen as essential to complete characterisation. A 
typical Raman spectrograph taken with a 514 nm excitation laser, has four main features: the small-diameter 
specific Radial Breathing Mode(s) (RBM) at 100 – 500 cm-1, D-Band at ~ 1350 cm-1, G-Band at 1580 cm-1 
(often split into G+ and G- components for SWCNTs) and G’-Band at ~ 2700 cm-1. For further information, 
including explanations of the described Raman vibration modes, see work by Dresselhaus et al.97 
 
Figure 6: Raman spectrograph of multiwalled CNT (MWCNT) and singlewalled CNT (SWCNT) with D-band at ~ 1350 cm-1, G-band at 
1580 cm-1 and G’-band at ~ 2700cm-1 features shown. 
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As mentioned above, the quality or degree of graphitisation of a CNT sample can be measured from the 
Raman spectra. Notated as the IG/ID ratio or G/D ratio, the ratio of the heights of the G-band and D-bands 
compares the intensity of the signal given from vibration in ‘graphitic mode’ carbon mode to that of 
‘disordered’ carbon bonding. As such, CNTs with minimal defects, non carbon imperfections and a high 
degree of graphitisation have a G/D ration > 10.66,97 It should be noted that Raman spectra of the graphitic 
carbons; a single graphitic crystal, activated charcoal and pyrolytic graphite show similar Raman spectra to 
that of CNTs. Accordingly, in such cases, additional characterisation techniques are needed to 
demonstrate that CNTs have been synthesised. 
1.4.4.3 Thermogravimetric Analysis 
The decomposition of CNTs in different gaseous environments can be measured with thermogravimetric 
analysis or TGA. During analysis a sample is loaded onto a pan attached to a set of scales. As the product 
decomposes, is burnt and/or changes phases, the weight of the sample is measured. The result is data on 
the stability of a given sample at a given temperature in a given atmosphere. For CNTs this is often 
completed in air and is thus the oxidation profile. The temperature of oxidation gives insight into the 
constituents of carbon species present in the CNT sample. Typical oxidation temperatures of CNTs is in 
the range of 400-900 ˚ C – with lower oxidation temperatures indicate a higher level of defects, and pristine 
CNTs having oxidation temperatures of > 500 ˚C.98 
1.4.5 Biologically Relevant Properties of Carbon Nanotubes 
The following section expands upon the more general introduction to CNTs, with a look at research 
relevant to their application in the biological field and specifically that of bone tissue engineering. 
1.4.5.1 Chemical Properties 
The chemical properties of CNTs make them an attractive candidate for use in tissue engineering. 
Graphitic carbon is able to chemically bind to a wide range of functional groups. These chemical bonds 
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are sufficiently weak that a diverse range of reactions will easily proceed in a biochemical environment, 
but are also strong enough as to avoid chemical decay. When placed within in vitro environments CNTs 
adsorb extracellular and serum proteins which enhance interactions with cell cultures.99,100  
The chemical interactions of CNTs can be modified through the addition of functional groups. Common 
functionalisations include the addition of carboxyl or alcohol groups which are normally used to assist the 
dispersion of CNTs in water. This approach has been used to promote the nucleation of the bone mineral 
hydroxyapatite (Ca10(PO4)6(OH)2, HA) along CNTs at sites of functionalisation.101,102 Such functional 
groups are thought to mimic the HA nucleation process that naturally occurs in bone. Here, carboxyl 
groups over the surface of collagen are thought to induce HA nucleation and platelet formation.103 CNTs 
have also demonstrated an ability to bind with organic groups and complex functionalisations. Specifically, 
CNTs will form bonds with different organic chemical groups including carbohydrates,104 nucleic acids105 
and fats.74,106 CNTs have also been shown to readily form bonds with proteins present in the tissue 
supporting structure of the extracellular matrix (ECM) such as fibronectin.107 This demonstrates their 
potential as a biomimetic of fibrillar components in the ECM – bonding with collagen proteins, 
proteoglycans and glycoproteins (mentioned below) – and provides an opportunity to spatially control 
the dispersion and concentrations of ECM proteins through the respective dispersion and concentration 
of protein bound CNTs. In addition, since chemical interactions between CNTs and organic molecules 
can occur via π-stacking, proteins avoid denaturing and the structure of the CNT is preserved.105 
1.4.5.2 Mechanical Properties 
Another appealing property of CNTs is their high mechanical strength. They are among the strongest 
materials known to mankind;67 making them ideal candidates for use as reinforcement in composite 
materials. The ability to change elastic and toughness properties could allow material scientists to address 
one of the more pertinent limitations of synthetic tissues: an inability to create materials with comparable 
mechanical properties to that of natural tissues. However, the application of CNTs in composite materials 
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has been hampered by two problems: poor dispersion and poor interfacial adhesion between CNTs and 
the composite matrix. Poor dispersions of CNTs result in agglomerates which act to increase local stress 
and seed failure within the composite67,108 while poor interfacial adhesion limits the amount of failure 
energy that can shared between the different constituents.108 Despite this, CNT-polymer composites have 
demonstrated increases to stiffness of nearly 700%67 as well as increases to strength and toughness of 
1200%.109 With improvements this significant it may be possible to fabricate CNT-polymer composites 
with mechanical properties that rival the natural materials which they may replace – i.e. polymers typically 
have a stiffness and toughness a tenth that of natural materials.110 
1.4.5.3 Dimensional Properties 
The dimensional characteristics of CNTs make them particularly interesting as a biomimetic analogue for 
the proteins of the ECM; particularly that of collagen. Both the triple helix collagen molecule procollagen 
and a collagen fibre; the self-assembled collagen fibre/tropocollagen agglomerate, have comparable length 
scales to CNTs. While the diameter of CNTs can be made in the range of 1-100 nm and up to lengths of 
100 µm, the tropocollagen molecule is 1.5 nm in diameter and 300 nm in length. Furthermore, collagen 
fibres have  diameters in the range of 20-400 nm and lengths up to hundreds of microns (determined by 
the number of axially repeating tropocollagen units (Figure 3)).56 Furthermore, the in vivo implantation of 
both aqueous CNTs in mice111 and a collagenous/CNT composite in rats112 demonstrated the incorporation 
of CNTs into the bone matrix suggesting that CNTs may be able to be incorporated with or in the place of 
ECM proteins such as collagen. 
The dimensional similarity between collagen and CNTs gives them the potential to be a biomimetic for 
synthetic ECMs. Furthermore, the band/gap architectural properties of collagen can be mirrored in that of 
MWCNTs (shown below in Figure 7). With regard to bone, this potential is even more inviting as the 
defects in the CNT structure mirroring the band/gap structure of collagen (which can be spaced at 
approximately 70 nm see Figure 7 below) have been demonstrated to nucleate bone-like HA.101,102,113–116 
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Figure 7 Scanning electron micrographs demonstrating the architectural similarities between MWCNTs (left) and collagen (right), both 
structures are long and rod-like with a periodic structure of approximately 70 nm 
Furthermore, since methods exist to synthesise sheets or yarns of parallel or randomly orientated 
CNTs,117,118 there is a potential to fabricate structures with fibrillar hierarchy similar to that of the ECM. 
1.4.5.4 Electrical Properties 
High conductivity is another property of CNTs which can be used to positively influence bone tissue 
regeneration. Specifically, it has been shown that conducting substrates can be used to electrically 
stimulate tissue thereby accelerating bone formation and repair;119 increasing the rate of synthesis of ECM 
proteins; increasing expression of osteogenic markers120 and increasing production of relevant growth 
factors.121 The aforementioned benefits provide CNTs with the potential to fulfil the stringent criteria 
required for an electrically active biomaterial; a criteria matched only by graphene. While metal electrodes 
have the correct conductive properties, they have insufficient biocompatibility and thus require removal. 
In addition to this, metals cannot be dispersed as a network within composite as this worsens their 
toxicological potential and the difficulties associated with their removal. Being unable to form networks 
metals cannot achieve growth throughout a substrate as electrical activity is confined to the tips of the 
electrode. Likewise the use of polymers or ceramics has not yielded a material that has simultaneously 
shown sufficient conductivity and biocompatibility.122 Thus, CNTs and CNT composites show promise for 
use as electrically active biomaterials with high conductivity, biocompatibility and a potential to be 
distributed in a network throughout a composite thus inducing even bone growth throughout. 
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1.4.6 Toxicological Effects of CNTs 
As the size of a material decreases into the nanoscale and beyond, there is a corresponding elevation in 
reactivity and hence toxicological and inflammatory potential.123 This is because nanomaterials such as 
CNTs have relatively high surface area to volume ratios over which more chemical interactions can occur. 
Furthermore, nanomaterials share similar dimensional scales to many large biological molecules rendering 
them inherently more likely to disrupt natural interactions and cause toxicity.124 For these reasons, the 
toxicological response of CNTs and all nanomaterials in general is a pertinent issue regarding their use in 
medical applications. This issue is further complicated by the fact that CNTs have demonstrated both 
positive125 and negative126 toxicological effects and that the mechanisms regulating their toxicity are still to 
be understood.127 
While this can be partly attributed to experimental differences such as different cytotoxic assays,128,129 most 
of the variability is suspected to be reflective of the wide range of properties which CNTs may have. As 
discussed above, CNTs may have functional groups or defects in their side walls; they can be conducting, 
insulative or semi conducting; they can be short, long, thick, thin, multiwalled or singlewalled and are often 
still bound to the catalytic metal particle from which they grow. The many different properties of CNTs 
reflect the many different potential toxicological interactions and pathways that these may have, and 
indeed, their toxicity is dependent on not only their chemical and dimensional properties but also, factors 
such as dosage and method of uptake.74 
1.4.6.1 Toxicological Mechanisms of CNTs 
1.4.6.1.1 Reactive Oxidative Species 
The most widely researched toxicological mechanism is the creation of reactive oxidative species (ROS) 
as a result of chemical interactions with CNTs123 which have been shown to induce in vitro apoptosis.130 
Such apoptosis is supported by other in vitro studies showing the formation of free radicals, accumulation 
of peroxidative products and the depletion of cell antioxidants.123 While ROS are suspected to have many 
 26 
pathways of action, Mu et al. (2009) demonstrated that ROS disrupted the in vitro cellular behaviour via 
changes to the important DNA transcription regulator, NF-κB.131 
Several studies suggest that most of the toxicological effect of CNTs is in response to the catalytic metal 
particles used for CNT growth.72,132,133 These metal particles often remain attached to CNTs and their 
presence results in the production of ROS and thus acute toxicity. In order to avoid such effects, the purity 
of CNTs used in medical devices must be very high. Furthermore, high purity CNTs are essential to 
realising their unique theoretical properties which are diminished due to metal and graphitic impurity. The 
purification of CNTs is commonly achieved by chemical routes such as oxidation in aqueous solution, 
physical methods such as centrifugation and thermal methods such as annealing or any combination of 
these. It should be noted that these techniques can have undesirable affects. For example, depending on 
the strength and time for which an oxidant is used, chemical purification can introduce different amounts 
of alcohol, carboxyl and ketone groups.134 This means that purified CNTs will have different chemical and 
electrical properties to that of the CNTs containing impurities. Such changes can also occur due to physical 
methods of purification. Centrifugation and sonication can both have the effect of shortening CNTs as a 
result of fracture which in turn changes CNT electrical, chemical and mechanical properties. For a review 
on CNT purification see Hou et al. (2008).135 
1.4.6.1.2 Membrane Rupture 
Another proposed mechanism of CNT/cell toxicity is through damage to the cell membrane. The ability of 
CNTs to rupture the cell membrane has been demonstrated in vitro.127 Specifically, CNTs that rupture the 
cell membrane can migrate and deposit within cells. CNT have been observed in cellular cytoplasm,136 
within the mitochondria of lung epithelial cells, or deposited along the edge of a the nucleus in 
mesenchymal stem cells.137 Such needle-like structures are poorly dealt with by the immunological system 
and evoke comparison with the health hazard asbestos.138  
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One CNT specific behaviour was observed by Tutak et al. (2009). When compared with control groups, 
cell proliferation over CNT substrates was comparable at 1 day through to 8 days of cell culture. However 
as time periods increased past 8 days, so did the relative increases to cell proliferation on the CNT 
substrates. Furthermore, they found that the proliferation of osteoblastic cells on CNT substrates required 
a minimal seeding density. Cells cultured below densities of 9000 cells/cm2 resulted in the death of the 
entire cell population. They hypothesise that this is a result of the interaction of loose CNTs with unbound 
CNTs able to lyse membranes. It was also observed that for cell cultures seeded with densities above 9000 
cells/cm2, there was an initial plateau in cell proliferation followed by exponential increase. Tutak et al. 
describe this as the ‘rebound effect’. In this situation, it is hypothesised that loose nanotubes are 
responsible for the initial cell toxicity. When this initial period of cell death is limited, long term cell 
proliferation is increased via the subsiding effects of loose CNTs and the release of growth factors from 
dead cells. The ‘rebound effect’ is another possible explanation for the relatively low proliferation of 
osteogenic cells observed by studies which use low cell-seeding densities or durations insufficient to 
observe the recovery of cell proliferation. 
1.4.6.1.3 Biochemical Disruption 
CNTs within an organism may induce a cytotoxic response via a different mechanism: the disruption of 
biochemical processes. This follows from the potential for CNTs to easily bond with various life supporting 
organic chemicals. Such disruptions may occur to inter- or intracellular signalling, metabolic processes 
and protein synthesis.139 This may be further exaggerated by the fact that CNTs can deposit along the 
nuclear membrane – possibly interacting with presynthesis molecules, chromatins or other genetic 
materials.131  
Although it is true that CNTs in suspension can cause cell apoptosis,130 CNTs within composites, bulk or 
bound to a surface seem to minimise many of the toxic pathways.140 In these contexts, CNTs have 
 28 
demonstrated favourable biological responses, particularly with osteogenic111 and neuronal cell lineages.141 
Such positive behaviour indicates a strong potential for CNT use as substrates for tissue growth. 
1.4.6.2 Skin Toxicity of CNTs 
At present, little is known about the uptake mechanism of CNTs.132 Due to their scale, it is suspected that 
nanomaterials including CNTs may penetrate, be absorbed by or find their way into an organism through 
virtually any means.123 Since skin forms our outermost layer of protection, it is also the most likely to 
interact with foreign substances. Huczko and Lange (2001) reported no toxicological effects of CNTs when 
routinely applied to a skin patch of 40 human volunteers over 96 hours. This included no presentation of 
allergenic symptoms, irritation or abnormalities otherwise. This result was also found for the application 
of CNTs to the eye of a rabbit model. After 72 hours from the time of application, there was no allergenic 
or irritation observed. Since these studies only investigated short-term health effects of CNTs, caution 
while handling CNTs is still advised. 
1.4.6.3 Respiratory Toxicity of CNTs 
Similar to many nanomaterials, CNTs are believed to present the highest risk of adverse health effects to 
the respiratory system. This is due to their light weight which can make them airborne and easily inhalable. 
In 2004, Lam et al. showed CNTs to cause granulomas in the lung tissue of mice as a result of intratracheal 
instillation. Increasing doses corresponded to higher rates of inflammation and prominence of lesions. 
When compared to the positive control, quartz, a known cause of granulomas and lung lesions, CNTs 
showed a higher incidence of negative health effects. This included increased inflammation, fibrosis, 
necrosis, lethality and granulomas with worse health implications. Similar results have been demonstrated 
repeatedly.142,143  
Comparing more directly to the health hazard asbestos (in which the mesothelium of the lungs is affected), 
Poland et al. (2008) exposed the mesothelial tissue lining the lung/body cavity of mice to CNTs with a 
 29 
median length of approximately 20 µm. Toxic behaviour was evidenced including inflammation and the 
formation of granulomas. Such effects were not present for the control group, which were exposed to 
carbon black, nor for the groups exposed to short CNTs (median length less than 5 µm) or tangled mats 
of short CNTs. Since the severity of negative health effects was shown to be dependent on the length/fibre-
like nature of CNTs, concerns of the asbestos-like toxic effects of CNTs are warranted. 
1.4.6.4 Clearance and Biopersistence 
The absence of biodegradability or biopersistence of CNTs warrants additional concerns when considering 
them for biological uses, particularly since this further validates comparison with the carcinogen asbestos. 
While this is concerning, the in vivo study of mice has demonstrated the relatively low half-life of CNTs in 
the bloodstream: pristine CNTs having a half-life of 3 hours144 and CNTs functionalised with PEG with a 
half-life of nearly 7 hours. However, through the use of various imaging techniques, the in vivo study of 
mice has also shown that CNTs pose risks specifically to the lungs, liver and spleen,74,144–147 persisting in 
these locations at up to 10% of the initial dose at the studies completion time of 28 days.74 Furthermore 
the toxicological behaviour of CNTs activates at a certain threshold meaning that this activation barrier 
would need to be identified and contact with CNTs limited according to the biopersistence.72 
1.5 Carbon Nanotubes as a Biomaterial for Bone Regeneration 
1.5.1 Use of CNTs as 2D Substrates 
In the last 15 years, there have been upward of 100 papers investigating the potential use of CNTs as a 
synthetic bone tissue replacement. The first reported use of CNTs as an osteogenic biomaterial was by 
Supronowicz et al. in 2001. In this study, CNTs were dispersed through a polylactic acid composite in order 
to enhance its conductive properties and thus induce cell growth through electrical stimulation. This 
involved the preparation of a 1mm thick, 40 mm diameter disk substrate of the composite for in vitro study 
with osteoblasts. Use of this substrate showed that CNTs can effectively expose cells to electrical 
stimulation and increase both their proliferative and osteogenic potential; shown through a 46% increase 
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to cell proliferation and increases in osteogenic expression markers including extracellular calcium, 
collagen, osteocalcin, osteonectin and osteoprotegerin. 
This work was followed by 3 studies at the Department of Biomedical Engineering at Purdue University.148–
150 This research did not specifically use CNTs as a substrate material but instead used carbon nanofibers 
(CNFs). CNFs are similar to CNTs although they do not contain a hollow core but rather stacked 
concentric cones of graphitic carbon which form fibers. Each of these studies reported the use of solely 
CNFs and/or CNFs in polymer composite materials: poly(lactic-co-glycolic acid) and polycarbonate 
urethane (PCU) at varying weight percentages. All of the studies used four different types of CNFs with 
four different distributions in diameter centred at 60, 100, 125 and 200 nm. The in vitro behaviour of these 
composites showed a positive correlation between the weight percentage of CNFs and increases to 
proliferation. Across all the studies, substrates which were 100% CNFs achieved the highest proliferation. 
In addition to this, all of the studies were able to show an increased osteogenic potential of CNF containing 
substrates. This was shown through increases to the expression of alkaline phosphatase150 or an increase 
in the proliferation of osteoblast-type cells when compared to chondrocytes, smooth muscles cells and 
fibroblasts.148 Furthermore, these studies also demonstrated the highest proliferation rates were on the 
smallest (60 and 100 nm) CNF diameters. 
The same group from Purdue University published another study in 2006 which hypothesised that the cell 
supporting capabilities of CNFs were due to their relatively high affinity for ECM proteins with roles in cell 
adhesion. This was tested through the use of a PCU substrate patterned with 30 µm stripes of CNF.  When 
cells were grown on this substrate, they preferentially adhered to the CNF striped sections. Furthermore, 
with use of atomic force microscopy, the binding force of CNFs to the adhesion glycoprotein fibronectin 
was shown to be substantially higher than the binding force over the PCU sections. A follow up study of 
this work used CNTs to show that the adsorption of fibronectin is mediated by the independent 
contributions of surface chemistry (70%) and the surface roughness (30%). Again suggesting that the 
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biocompatibility of such nanomaterials may be due to relatively high ability of these materials to adsorb 
cell binding ECM proteins. 
In 2007 Park et al. published work which further supports the hypothesis that the high biocompatibility of 
CNTs is due to their high affinity for cell binding ECM proteins. Osteoblasts were cultured over a patterned 
CNT substrate with alternating 3µm thick stripes of randomly tangled CNTs and 1-octadecanethoil. Again, 
the preferential cellular adhesion and growth over the CNT patterned sections was observed. The 
fluorescent tagging and imaging of fibronectin showed an increase to fibronectin concentration over CNT 
coated areas. Furthermore, additional fibronectin demonstrated further increases to cell adhesion. This 
could be observed through an increase to the coincidence of vinculin (present at integrin adhesive sites) 
and actin (a protein in the cytoskeletal machinery), demonstrating the presence of a holistic integrin 
mediated adhesion between cell and substrate. This study also investigated the effects of the CNT 
patterned substrate on mesenchymal stem cells (MSC). The MSC culture showed differences in cell 
morphology over control and CNT substrates that reflected substrate patterning. From this, Park et al. 
(2007) concluded that the ability for cells to form strong integrin mediated adhesions over CNT substrates 
could be used as an effective means to control the morphology of stem cells; a known regulators of stem 
cell fate. 
Contrary to the study by Park et al. (2007), Mwenifumbo et al. (2007) used non-patterned 2D substrates 
of MWCNTs to show that vinculin did not coincide with the ends of actin fibers. Instead, actin fibers were 
relatively diffuse, signifying a lack of integrin mediated adhesion. This was hypothesised to be a result of 
the high tensile strength of CNTs and hence their inflexibility. In this situation stress fibers were believed 
to be unable to organise, undermining the cells ability to spread. These results are comparable to 
Kalbacova et al. (2007) which explain this behaviour in another manner. They attribute the relatively 
disorganised cytoskeleton to the increase in nanoroughness of the CNT substrate; stating that increased 
nanoroughness corresponds to increased nanodisorganisation. 
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There is evidence that these hypotheses are not entirely correct and, in fact, it is more commonly observed 
that CNTs facilitate a high level of cell spreading, elongation and a flat morphologies.99,107,130,151–158 This is 
attributed to the high affinity of CNTs to cell binding proteins such as fibronectin and thus increases to 
integrin mediated adhesion107,128,151,153,154,157 as well as the high aspect ratios and thus contact guidance effects 
of CNTs.159 Moreover, increases to spreading result in high intercellular stresses and is correlated to 
increased proliferation and osteogenic differentiation.13,14,17 
Similar effects to the study by Park et al (2007) were reported by Vidal et al. (2011). This study investigated 
the use of polymer and CNT substrates with both fibronectin and the short amino acid sequence RGD; a 
peptide sequence found in extracellular proteins such as fibronectin and is thought to pay roles in cell 
adhesion. By functionalising CNTs, Vidal et al. investigated the effects between adhesion proteins, surface 
charge and cell behaviour. The enhancement of cell adhesion, spreading and proliferation was shown as a 
result of fibronectin on both hydrophobic and hydrophilic substrates while RGD peptides only showed 
enhancement on hydrophilic (i.e. functionalised) CNTs. This leads to the hypothesis that CNTs might 
indirectly enhance cell behaviours. As shown below in Figure 4, a mechanism may exist whereby proteins 
involved in adhesion mediation bind with CNTs which in turn attach to cells. The absence of enhanced 
cell behaviour when cells were cultured on hydrophobic CNTs with RGD peptides may be due to an 
inability for the RGD peptide to bind with the hydrophobic CNTs, thus indirectly inhibiting the potential 
for enhanced adhesion. This is evidenced by the greater weight percentage of carbon (measured via XPS) 
seen when comparing RGD peptides on hydrophobic CNTs to those on hydrophilic CNTs (greater 
amounts of RGD peptide should decrease the carbon weight percent as RGD peptides contain relatively 
less carbon than CNTs). Moreover, since cell behaviour was enhanced on both hydrophilic and 
hydrophobic substrates which have been treated with fibronectin, we expect to see similar amounts of 
fibronectin (i.e. weight percentage decrease in carbon) on the substrates: a result that is reported. 
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Figure 8 shows the adhesion of cells to CNTs. The adhesive properties of such substrates may have an indirect mechanism, where 
binding between CNTs first adhere to cell adhesion mediators which in turn adhere to cells. The similarities of such a substrate and that 
of the natural ECM is noteworthy (i.e. comparison with Figure 1); both contain fibrillar macromolecules in meshes and bind with 
macromolecule proteins. 
Namgung et al. (2011) also investigated the effects of fibronectin interactions with CNT substrates. 
Increases to proliferation as well as integrin mediated adhesive connections were observed; in addition to 
this, it was shown that the unfolding forces of fibronectin observed when bound to CNT substrates was 
unchanged when compared to its natural form. This indicates that CNTs do not induce conformational 
changes to fibronectin and thus, fibronectin-cell behaviour over CNT substrates reflects that of a healthy 
cell. 
1.5.1.1 Using CNTs to Control Substrate Nanofeatures 
Mwenifumbo et al. (2007) completed a study which investigated the in vitro behaviour of osteosarcoma 
cells over substrates with varying CNT diameter. This included three different diameter distributions 
centred at 14, 22 and 53 nm. While all of the CNT groups showed increases to proliferation when compared 
to the highly ordered pyrolytic graphite control group, cell proliferation was shown to be negatively 
correlated to CNT diameter. This trend may be a result of the interaction between CNTs and proteins as 
described above: smaller diameter CNTs have relatively greater surface areas and hence a greater potential 
to bind with cell adhesion proteins thus promoting cell adhesion, spreading and downstream behaviour 
including proliferation. In general, the reverse of this trend is more often observed. Generally, CNTs with 
larger diameters better promote both proliferation and osteogenic differentiation. Such differences could 
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be the result of a balance between the positive and negative effects of smaller CNTs. Small particle sizes 
are associated with an increasing potential for toxicity, either as disruption of biochemical processes, the 
creation ROS, increased reactivity, membrane lysis, or an average higher composition of transmission-
metal catalyst (see discussion in section 1.4.6 Toxicology of CNT). 
Cells favourably interact with patterns with micro and nanoscale features.14,15 Two examples of favourable 
cell interactions due to substrate patterning have already been given.149,151 Both of these studies 
demonstrate the positive influence of patterning substrates and in particular, the potential of CNTs to be 
used as substrates with micro and nanoscale patterns. 
A study in 2011 by Namgung et al. was able to provide more insight into the mechanisms which may be 
responsible for increased proliferation on CNT substrates. By spin coating glass substrates with CNTs 
Namgung et al. were able to align SWCNTs using centrifugal forces. When compared to unaligned or 
randomly orientated CNTs the patterned substrate showed a 120% increase in proliferation as well as an 
increase in the osteogenic markers osteocalin, osteopontin, alkaline phosphatase and Runx2. This also 
included the downregulation of genes DKK1 and sFRP3 which are known to inhibit osteogenesis. Namgung 
et al. hypothesised that increases to proliferation and osteogenic differentiation were achieved via the 
contact guidance effects of the CNTs. Since cells have an affinity for CNTs – and Namgung et al. used a 
CNT density that was sufficiently low (~1 CNT/µm) such that adjacent CNTs were further apart than their 
adhesions (~0.25 µm) – cells would preferentially spread along the axis of CNT alignment. Such spreading 
increases cytoskeletal tension activating mechanotransductive pathways (measured as increases to 
adhesion mediators RhoA, ROCK2 and FAK) and promoting osteogenic differentiation. 
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Figure 9 shows the differences in the morphology of hMSC grown over a) a glass substrate coated with aligned CNTs and b) a glass 
substrate with unaligned or randomly orientated CNTs (as demonstrated and reproduced with permission of Namgung et al. (2011)) 
1.5.1.2 Effects of CNT Functionalisation in 2D Substrates 
Functionalisation is a surface modification in which the chemical species (or functional groups) present 
over a materials surface are altered. Such modifications can be used to change a materials chemical 
properties altering their surface charge and thus hydrophilicity/phobicity, electrical properties such as 
conductivity – through change to electron band structures/gap, or even aid material bioactivity by using 
functional groups for conjugation of peptides or larger proteins. Because of the chemistry available to 
carbon, CNTs can adopt numerous different hybridisation states which potentiates numerous different 
functionalisations, and thus, as many different properties.66,160,161 Alteration of the CNT functionalisation is 
one strategy that has been explored in further improve the biocompatibility of CNTs. 
In 2006, Zanello et al. investigated the proliferation of osteosarcoma cells over CNT coated glass cover 
slips. The study looked at the proliferative capability of MWCNTs and SWCNTs as well as the effects of 
differing functional group modifications to the SWCNTs. All CNT containing groups showed a reduction 
to overall proliferation rates when compared to the uncoated glass cover slip control. Unmodified 
SWCNTs showed the best proliferative capabilities (59% of control cell count) closely followed by the 
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chemically neutral group SWCNT-(poly ethylene glycol) (57%), with MWCNTs showing the worst 
performance (<15%). 
Zanello et al. also investigated the function of the cell membrane which is an important regulator of the 
secretion and formation of bone matrix. This study showed that the electrical function of the cell 
membrane was maintained and that calcium ion channel function was enhanced in the presence of neutral 
CNTs. Furthermore, the morphology and formation sites of hydroxyapatite or HA was found to be similar 
to that observed between the same cell type and woven bone. 
The poor performance of MWCNT observed by Zanello et al. may be a result of the cell culture medium 
they used. Since CNT biocompatibility may be due to interaction with cell binding proteins (as mentioned 
above with regard to studies by Park et al. (2007) and Vidal et al. (2011)), low protein concentrations may 
impart negative effect on their biocompatibility. In 2010, Akasaka et al. investigated the effects of changing 
foetal bovine serum (FBS) in CNT culture mediums. The effect on cell proliferation was highly dependent 
on the type of CNT as well as serum concentration. At low concentrations of FBS (1%), SWCNTs showed 
significantly higher proliferation, while comparable and higher concentrations of MWCNTs showed 
significantly less proliferation. This indicates that the biocompatibility of CNTs is highly dependent on 
CNT-type and protein concentration. Comparable proliferation for MWCNTs wasn’t achieved until FBS 
concentrations were between 10-15%. One possible mechanism for this behaviour is the relative increase 
in reactivity of smaller diameter CNTs. Such an increase would allow a higher concentration of bound 
proteins over the surface of the CNTs. Furthermore, this further supports the hypothesis that favourable 
interaction between CNTs and cells is not a direct effect of the CNTs but rather an indirect one resulting 
from interaction with CNT bound proteins. 
In the study conducted by Zanello et al., the culture medium contained 5% FBS along with 5% Serum Plus 
(contains low levels of FBS along with other proteins for cell nutrition and growth). The study by Akasaka 
shows that such low concentrations of FBS are insufficient to support high levels of proliferation, especially 
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on substrates of MWCNTs, thus this is one explanation for the comparatively poor proliferation observed 
on the MWCNT substrates used by Zanello et al. 
A comparative study investigating the effects of the differing functionalisation of SWCNTs was completed 
by Mu et al. in 2009. This study compared the proliferative effects of pristine CNTs with carboxyl 
functionalised CNTs. The presence of carboxyl groups were shown to inhibit cell proliferation via a 
nonapoptotic mechanism: the suppression of Smad dependant human BMP and thus the disruption and 
downregulation of Id proteins which would otherwise allow continuation of the cell cycle. This conclusion 
is supported by Liu et al. (2010) who observed the inhibition of Smad and hence BMP when MSC were 
cultured in cell culture medium containing carboxylated CNTs. 
What remains unclear is the complete mechanism of interaction between cells and carboxylated CNTs. 
While CNTs are carboxylated to create a more homogeneous dispersion, this process can also have the 
effect of purifying the CNTs, changing the size of the CNTs used for experimentation (as since CNTs can 
be broken by sonication and/or stirring, or are selectively used after filtration, centrifugation) and changing 
the chemical composition of CNTs with the addition of oxygen or alcohol groups. Furthermore, when the 
new CNTs are placed onto a substrate they will behave differently as a result of all of these parameters. 
What is unclear is the extent to which the various changes to the CNTs are important. In other words, is it 
a more homogeneous dispersion, a higher purification, the presence of different function groups, a better 
surface energy or any combination of these parameters that is enabling a significant increase to cellular 
proliferation? 
One possible mechanism via which carboxylated CNTs may support favourable interaction with 
osteogenic cells is through a higher affinity for calcium and the formation of HA. In particular, the 
preferential nucleation of bone-like HA crystals from solutions with carboxylated CNTs. Such interactions 
may have further reaching consequences, for example, in 2012 Shimizu et al. hypothesised the presence of 
a positive feedback cycle existing through the bidirectional interactions of CNTs with cells. Here, CNTs 
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attract calcium for bone mineralisation, this then promotes osteoblast differentiation which releases 
alkaline phosphatase in turn attracting more calcium. 
Another chemical interaction through which CNTs have been found to enhance osteogenic potential was 
demonstrated by Narita et al. (2009) with the use of pellets containing CNTs, Bone Morphogenic Protein 
(BMP) and collagen in vitro with osteoblast and osteoclast cells. It was hypothesised that CNTs increase 
bone mineralisation via a disruption to osteoclastogenesis which ultimately prevents osteoclastic bone 
resorption. This hypothesis was supported by the presence of CNTs inside osteoclast progenitor cells and 
attenuation of genetic transcription necessary for osteoclastogenesis. Furthermore, this study included an 
in vivo study where the pellets were implanted into the dorsal musculature of ddY mice evidencing 
decreases to osteoclastic bone resorption as a result of CNTs. 
The delayed increase in cell proliferation on CNT substrates is an effect that has been observed in a number 
of studies.137,150,154,162–164 However, the prominence and extent this observation are disputable. The presence 
of loose CNTs is not inevitable nor is the subsidence of their negative interaction. Many studies 
investigating CNT-cell interactions show a long-term worsening in proliferative ability.112,155,165,166 
Furthermore, the different types of CNTs have a variety of differing toxicological effects (for example 
Narita et al. (2009) showed negative interaction specific to osteoclastic cells). In other words, while some 
CNT substrates may be characterised by an initial stage of cell death, and later, through a subsiding 
concentration of loose CNTs, a stage of proliferation; other substrates may maintain toxicity through the 
sustained CNT detachment, biomagnification or creation of ROS. Other explanations of the decreasing 
proliferation may involve more sophisticated mechanisms such as those described in the study by Mu et 
al. (2009). Here, carboxyl groups were shown to inhibit cell proliferation via complex biomolecular 
interaction. Furthermore, the study in which Tutak et al. proposes the ‘rebound effect’ does make use of 
carboxylated CNTs. Complex effects such as those described by Mu el at. (2009) may have gone unnoticed 
since the use of carboxylated CNTs is common because it allows for better dispersions of CNTs. 
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1.5.2 Use of CNTs Composite Materials as Bone Tissue Scaffolds 
As mentioned in section 1.4.5.2, CNTs can be used to create composite materials with superior mechanical 
properties. Ogihara et al. (2012) used CNTs to reinforce an alumina composite for bone tissue 
replacement. Mechanical testing demonstrated a superior resistance to fracture indicated by a 120% 
increase to fracture toughness. The in vitro response of the substrate showed superior proliferative ability 
for osteoblasts, chondrocytes, smooth muscle cells and fibroblasts. This was coupled with an in vivo study 
where the substrates were implanted into 15 week-old Japanese white rabbits demonstrating the direct 
integration of the CNT/alumina composite with a comparable or lessened inflammatory response to that 
of the alumina. A similar result was shown by Jell et al. (2008), where an increasing concentration of CNTs 
in a CNT/PU composite both increased the compressive strength and proliferative ability of the substrate. 
Lin et al. (2010) is another such example where the inclusion of CNTs into PLGA substrate yielded a 500% 
increase in the stiffness and a 270% increase to the tensile strength. The composite was also able to 
demonstrate superior proliferative potential when compared to substrate without CNTs or tissue culture 
plates. 
1.5.3 Bioactivity and Osteointegration of Response of CNTs 
Abarrategi et al. (2008) evaluated a freeze cast nanocomposite made from CNTs (> 80 weight %) and 
chitosan for use as a synthetic bone tissue scaffold. This study took advantage of the chemical affinity for 
protein adsorption that CNTs have; two groups one without and one with BMP-2 adsorbed into the 
scaffold were implanted into subcutaneous tissue made in the back tissue of Balc type mice for 3 weeks. 
They observed and absence of chronic inflammation, the degradation of the scaffold and a high expression 
of collagen concluding good tissue biocompatibility and potential for future applications. 
Later in 2008, Sitharaman et al. evaluated CNT composites in vivo for use as a synthetic bone substrate. 
This involved the preparation of a porous biodegradable polymer composite with the inclusion of ultra-
short (20-80nm) SWCNTs. When the in vivo response of CNT containing substrates was compared to that 
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without CNTs, an approximately 300% increase in bone area was observed both in micro-CT analysis and 
bone area under histological analysis. Furthermore, the histological scoring at 12 weeks performed 
significantly higher indicating higher tissue quality, greater tissue ingrowth, reduced inflammatory cell 
density, increased connective tissue organisation and a greater bone volume. 
Similar results were also shown by Hirata et al. in 2011. The in vivo subcutaneous implantation of a 
CNT/collagen tissue substrate showed minimal inflammation at 1 and 4 weeks with a significant increase 
to bone formation around the substrate at both 4 and 8 weeks. 
The favourable interaction of CNTs in vivo was further supported by an additional in vivo study by Usui et 
al. in 2008. In this study, an aqueous injection of MWCNTs was found to induce little local inflammation 
and high osteoinductivity, integrating directly into the bone matrix. This result was also demonstrated by 
Li et al. (2012)  and as mentioned in the section above, Ogihara et al. (2012) who observed the direct 
integration of CNT containing substrates into the newly formed bone matrix. 
1.5.4 The Limitations of CNT in Bone Tissue Regeneration 
The use of CNTs in tissue engineering may be limited by a lack of biodegradability. CNTs are 
nonbiodegradable and may remain in an organism for the duration of its life. One example of this is the 
aforementioned observation by Mooney et al. (2008) of CNTs depositing at the edge of a cell’s nucleus, or 
that of Haniu et al. (2012) who observed the migration of CNTs in extracellular locations. While evidence 
exists to support the benign nature of such integration into bone,111,112,125 CNTs in different locations, for 
example, in the mesothelium and lung tissues has been shown to induce the formation of 
granulomas.126,142,167  
Another limitation of CNTs in tissue engineering is their high stiffness. SWCNTs are reported to have a 
stiffness of greater than 600 GPa,168 while tooth enamel, the stiffest part of the human body, is reported to 
have a stiffness of 30-90 GPa less than a 6th of this.52 For this reason, CNTs alone will never be able to 
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mimic the mechanical properties of tissues; a property regarded to be critical in regulating healthy cell 
behaviour. 
The CNT medium can also be regarded as a limiting feature of CNT use in tissue engineering. The presence 
of aqueous CNTs, whether intentional or accidental (for example unbound from a substrate) may correlate 
to an increase in cell toxicity. This is believed to be through biochemical disruption, membrane rupture or 
the creation of ROS. Zhang et al. (2007) prepared CNT suspensions of SWCNTs, double-walled-CNTs and 
MWCNTs that when cultured with osteoblast cells, showed cell proliferation and an inverse 
proportionality between proliferation and CNT concentration. An inhibited osteogenic response was also 
measured by a decrease to calcium mineralisation, the expression of the osteogenic marker Runx2 and 
type-1-Collagen. Similar results were observed by Mooney et al. (2008), Mu et al. (2009), and Liu et al. 
(2010), where the concentration of CNT in suspension had a negative correlation with cell proliferation. 
Both Liu et al. and Mu et al. were also able to demonstrate a reduction in osteogenic potential for CNT 
treated cells. As discussed above, aqueous CNT mediums have a relatively greater negative proliferative 
response when compared to CNTs bound to 2D substrates or 3D scaffolds. 
1.5.5 Conclusions - CNTs in Bone Tissue Regeneration 
The dependency of cellular behaviours on nanoscale details is a reflection of the fact that tissue is a 
complex and highly organised structure which uses details at every scale to perform its function. 
Consequently, successfully engineering functional synthetic tissues will rely of our ability to manufacture 
and control environments with comparable complexity and detail. While this is yet to be achieved, 
approaches which make use of nanotechnologies such as CNTs have demonstrated an ability to positively 
influence cell behaviour and move us closer to reaching this goal. Specifically, CNTs can be a viable 
osteogenic substrate both increasing osteogenic differentiation and the cellular proliferation of stem cells 
and osteogenic cells alike. This provides tissue engineers with: an ability to expose cells to electrical 
stimulation thus increasing both proliferative and osteogenic potential;122 a manner to control nanoscale 
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features through differences to CNT morphology 148,150,166,169 or substrate patterning;149,151,159 a manner to 
improve the mechanical properties and biocompatibility of materials;162,163,170 a method to easily 
functionalise materials and thus give controllable chemical behaviours as well as a technique to investigate 
the roles, effects and potential of different functional groups102,131,171 and a materials with a positive in vivo 
response.111,125,170,172 Furthermore, the use of CNTs in synthetic bone substrates may allow tissue engineers 
to take advantage of CNTs: fibrillar and thus ECM-protein-mimicking dimensional scale/structure; affinity 
for proteins involved in cell adhesion107,151,157 and preferential adhesion and strengthening of integrin 
mediated adhesions between CNTs and cells.159 
These studies have also demonstrated some general behaviours and mechanisms existing between CNTs 
and biological environments. The positive proliferative ability of CNTs may occur via an indirect route. 
Herein, proteins involved in cellular adhesion preferentially bind with CNTs which in turn attach to cells. 
Also, CNTs may have a time dependent effect on cell proliferation characterised by an initial period of cell 
death wherein the toxic potential of CNTs is removed and cells then increase proliferation. This may 
require that cells are seeded at a minimum density to overcome the toxicological effects and recover. The 
use of aqueous dispersions of CNTs maximises toxicity. This is because the toxicological pathways of 
CNTs such as cell lysis, interaction with ROS and disruption of biochemical pathways are maximised while 
in an aqueous dispersion. Furthermore, because of these pathways can be minimised if CNTs are 
entrapped, composite CNT biomaterials generally shown superior proliferative abilities to the biomaterial 
without CNTs. 
From the many different applications and successes, it is clear that the use of CNTs in bone tissue 
engineering have a great potential. However, in order to reach this potential, there are still a number of 
issues needing to be addressed. While the individual effects of diameter, various functionalisations, 
patterning and substrate architecture are discussed above, the mechanisms through which these properties 
(or combinations thereof) affect cell behaviours are still unclear. This is because there is still a great deal 
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of inconsistency between studies investigating the effects of CNTs on cell behaviours. Research which 
controls for these properties and elucidates the mechanisms of interaction will allow further progress for 
the future use of these materials in tissue engineering. Furthermore, by realising this goal, it will be possible 
for tissue engineers to take advantage of the variety of properties discussed above and thus tailor make 
CNT substrates optimised for the most favourable tissue engineering outcomes.
 44 
 45 
Chapter 2: 
2 Fabrication of Porous Ceramics and 
Chemical Vapour Deposition of Carbon 
Nanotubes 
 
 
 
 
Parts of this chapter have been published in: 
Newman, P., Z. Lu, S. I. Roohani-Esfahani, Tamara L. Church, M. Biro, B. Davies, A. King, K. Mackenzie, A. 
I. Minett, and H. Zreiqat. "Porous and strong three-dimensional carbon nanotube coated ceramic 
scaffolds for tissue engineering." Journal of Materials Chemistry B 3, no. 42 (2015): 8337-8347. 
 
Contributions: P Newman contributed to all experimentation and wrote the manuscript; Z Lu, SI Roohani-
Esfahani, TL Church, M Biro, B Davies, A King helped with experimentation, and K Mackenzie, AI Minett and 
H Zreiqat helped with experimental planning, ideation, drafting and had minor contributions to writing the 
manuscript 
  
 46 
2.1 Introduction 
This chapter discussed the fabrication of a three dimensional CNT scaffolds for bone tissue engineering. 
Specifically, this examines the design and use of a CVD reactor for CNT synthesis, as well as subsequent 
optimisation of parameters for coating materials with CNT. 
Currently, CNTs have demonstrated potential for the regeneration across a range of tissue types including 
bone,71,111,170 cartilage,173 muscle,164,174 and nerve tissue.175–177 However, despite demonstrating potential across 
a diverse range of tissue types, their implementation remains problematic. A number of reports have 
assessed the feasibility of CNT biomaterials using 2D film substrates,107,151,154,155,169,171,178,179 however, such film 
materials lack the dimensionality and porosity required to be successful in many tissue engineering 
applications, as they do not replicate tissue structure or allow vascularization and transport of nutrients 
and waste. Similarly, although three-dimensional CNT materials have been reported for tissue engineering 
applications,125,156,170,180–184 (prior to publication of Newman et al. 2015) they had yet to meet the combined 
properties necessary for tissue regeneration in a 3D environment. They either lacked sufficient porosity 
(necessary for applications requiring cellular ingrowth and vascularization)156,180–182 toughness (for 
applications with demanding mechanical requirements),125,156,170,180–184 or have been composite 
materials.125,170,183 For such composites the interaction with CNTs is confined to points at which CNTs are 
coincident to the materials surface. Further, interaction with CNT is confined to low volume percentages 
of CNT filler (typically 1–5%) within a composite matrix as higher inclusions significantly diminish the 
mechanical properties of the resulting composite.67  
The challenge remains to create a 3D CNT material that simultaneously presents properties of high 
porosity, biocompatibility and mechanical stability. This work addressed this challenge exploring the 
growth of CNTs as a value adding entity to the high strength ceramic bone scaffold substitutes previously 
developed at the Tissue Engineering and Biomaterials Research Unit. Consequently, this chapter follows 
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the development and optimisation of techniques to synthesise CNTs throughout 3D porous substrates. A 
scheme of the final approach is presented below in Figure 10. 
 
Figure 10: Scheme of experimentation showing the development of a novel 3D carbon nanotube scaffold. As previously developed, highly 
porous and tough ceramic materials were fabricated and coasted with CNTs using CVD. Scaffold materials later underwent in vitro 
testing as covered in the following chapter.  
2.2 Fabrication of Ceramic Scaffolds  
The Tissue Engineering and Biomaterials Research Unit specialises in the fabrication of strong and tough 
multiphasic ceramic materials for bone tissue regeneration. As per the Introductory Section 1.3.1, various 
compositions of strong, tough, highly porous and interconnected calcium silicate ceramic scaffolds doped 
with metals, have been synthesised for use in bone tissue regeneration.47,48,185–187 The methods of fabrication 
and testing for these materials and their nanomaterial modified counterparts are covered below. 
Porous ceramic scaffolds of TCP/HA and Sr-HT-Gah were fabricated by aqueous precipitation of 
Ca(NO3)24H2O (0.92 M) and (NH4)2HPO4 (0.58 M) solutions at room temperature and pH 11. This created 
a biphasic calcium phosphate consisting ~40% HA and 60% β-TCP. To homogenize particle size, powders 
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were ground via ball milling (Retsch Planetary Ball Mill PM 200) for 2 h at 150 rpm. Sr-HT-Gah ceramics 
were fabricated by first synthesizing Sr–Ca2ZnSi2O7 powders via a sol–gel reaction using tetraethyl 
orthosilicate ((C2H5O)4Si, TEOS), zinc nitrate hexahydrate (Zn(NO3)26H2O), calcium nitrate tetrahydrate 
(Ca(NO3)24H2O) and strontium nitrate (Sr(NO3)2) as raw materials (all sourced from Sigma Aldrich, USA). 
Aluminium oxide (15 wt%) was introduced to the Sr–Ca2ZnSi2O7 powder and ball milled as above. Similar 
to techniques developed by Chen et al in 2006 – a polyurethane foam sponge replication technique was 
used to fabricate scaffolds.188 Fully reticulated polyurethane foam was cut to a cylinder with a diameter of 
8 mm and a height of 10 mm, washed with ethanol, and used as a sacrificial template. The ceramic powder 
was coated over the template in a slurry of ceramic powder (~30 wt%) and polyvinyl alcohol (0.01 M in 
H2O). After air drying for 24 h, the coated sponges were fired in an electric furnace using a four-step 
process. For the TCP/HA scaffolds the process was: (i) heating at 1 °C min-1 to 600 °C, (ii) heating at 2 °C 
min-1 from 600 °C to 1250 °C, (iii) dwelling at 1250 °C for 2 h and (iv) cooling at 5 °C min-1 to 25 °C. For 
the Sr-HT-Gah scaffolds, this process was identical apart from steps (ii) and (iii) where the 
maximum/dwelling temperature was increased to 1270 °C. Following firing, the scaffold dimensions had 
reduced to a diameter of 6 mm and a height of 8 mm (Figure 11). 
 49 
 
Figure 11: Optical micrograph of St-HT-Gah scaffolds – showing porous structure similar to that of cancellous bone 
2.3 Synthesis of CNTs Over Porous Ceramic Scaffolds 
Nanomaterials display unique size-dependent properties that are not available to the same material at 
larger scales.189 As a result, tight control over size and morphology are critical to any nanotechnological 
application. Reproducibly obtaining homogeneous nanomaterials with a specified property remains 
among the main challenges of nanoscience. The following section follows the optimisation of a CNT 
coating over porous ceramic scaffolds. We explored numerous techniques to achieve a reproducible 
homogeneous CNT coating. This first explored wetness incipient impregnation techniques for coating 
with a metal catalyst – and eventually CVD assisted floating decomposition of organometalliods. After 
achieving reproducible homogeneous catalyst coatings with the organometalloid ferrocene, we optimise 
conditions for CNT synthesis. Through alteration to typical two-step floating catalyst CVD synthesis of 
CNTs we were able to achieve high-quality uniform coatings of CNTs throughout large (6 mm diameter 8 
mm) porous scaffolds. We demonstrate this with both TCP/HA a biomaterial in clinical use as well as Sr-
 50 
HT-Gah a bioactive ceramic material with strength 100 times stronger than TCP/HA at the same porosity 
and interconnectivity. 
2.3.1 Catalyst Deposition 
2.3.1.1 Wetness Incipient Impregnation 
Critical to achieving a homogeneous CNT product, is deposition of a catalyst homogeneous in 
concentration and particle morphology over the desired growth surface. Wetness incipient impregnation 
is a common and simple method for coating a desired catalyst over a growth surface. Typically, an active 
metal precursor is dissolved in an aqueous or organic solution and used to coat a surface through capillary 
interaction between solution and surface. Alternatively, a multistep procedure can be used where metal 
salts or oxides are first dissolved and coated over a growth surface. Following this, a catalyst is then dried, 
calcined, reduced or otherwise treated to leave behind an active metal catalyst.190 
The synthesis of CNTs required impregnation of a transition metal catalyst nanoparticle – with common 
choices being Fe, Ni and Co.85 Poor solubility and dispersion of these metals suggested the use of a 
multistep procedure using metal salts. First metal salts were dissolved and then impregnated into the 
porous ceramic scaffold structures where they were left to dry. Following coating with the metal salts, the 
scaffolds were calcinated through heating in a furnace under atmospheric conditions to yield metal oxides 
(see below for conditions). Later during CNT synthesis, H2 was used to reduce metal oxides and form an 
active metal catalyst for CNT growth. 
Experimentation to coat surfaces with a catalyst using wetness incipient impregnation was unsuccessful – 
with incomplete or heterogeneous catalyst products. This was confirmed across a wide range of salts and 
calcination conditions. The metal salts FeCl3, Fe(NO3)3, Fe(SO4), NiCl2, Ni(NO3)2, Ni3(SO4)2, CoCl2, 
Co(NO3)2 and Co3(SO4)2 were dissolved in H2O or ethanol and impregnated into scaffolds at mass of the 
metal catalyst equal to 0.5%, 1%, 2% or 5% that of the average total weight of the scaffold. For all of the 
above described conditions, calcination temperatures of 160, 220, 300 and 450 °C were used with a ramp 
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rate of 2 °C min-1 and a dwell time of 2 h. SEM micrographs were taken to observe coating of the resulting 
metal oxides (Figure 12). 
 
Figure 12: Representative SEM micrographs showing metal oxide coatings of Fe, Co and Ni. Coating were NO3 salts dissolved in H2O and 
calcinated at 220 °C. Heterogeneous coatings including microscale variation to layer thickness and cracking can be observed across all 
metals types. Row 1 scale bars are 100 µm at x500 magnification and row 1 scale bars are 1 µm at x50k magnification. 
Typical catalyst coating was heterogeneous, with microscale variations to coating thickness and cracks 
present in the coating surface. This was consistent across all tested conditions. Heterogeneities in the 
deposition of the catalyst layer were exaggerated following synthesis of CNTs with CVD over these surfaces 
(Figure 13). CVD growth of CNTs is covered in depth in a following section 2.3.2, with detailed description 
of CVD experimentation parameters. Briefly, scaffolds were placed on top of an alumina crucible in the 
second zone of a dual-zone tube furnace. The furnace was heated to 770 °C over 75 min. Gas flows (Ar, 
H2, C2H4, and CO2). 0.25 L min-1 H2/Ar/C2H4 in the ratios 6/17/5 were flowed through the tube. 
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Figure 13: Representative SEM micrographs showing CNT coating of Fe, Co, and Ni catalysts prepared  
While no parameter set for coating using wetness incipient impregnation showed promise for achieving a 
homogeneous catalyst coating, trends were observed giving insights as to how the properties influencing 
coating. Specifically, it was observed that using a combination of salts with a lower thermal decomposition 
temperature (nitrates < chlorides < sulphates) and lower calcination temperatures, resulted in the most 
homogeneous coatings. This suggests that the effects of high temperature, such as material expansion, or 
Ostwald ripening may be contributing to poor catalyst dispersions. However, it should be noted that It is 
difficult to determine the exact mechanisms limiting this process – with a recent review by Munnik et al. 
suggested that catalyst synthesis is ‘as much art as a science’.190 A notion perpetuated by a limited 
understanding, as many of the fundamental mechanisms concerning catalyst formation remain elusive.191 
In addition to the effect of temperature, it was generally found that wetness incipient impregnation using 
salts dissolved in ethanol resulted in a relatively more homogeneous dispersion when compared to those 
dissolved in H2O. This included more homogeneity in coating thickness, less large crystal formation and 
less cracking of the coating (see Figure 14 below). This suggested that the capillary forces (shown to be 
responsible for interaction between a catalyst solution and deposition surface)190 were responsible for the 
difference in catalyst dispersion. 
 53 
 
Figure 14: Optical micrographs comparing wetness incipient impregnation of Fe(NO3)3 between ethanol and water. Generally, metal 
salts dissolved in ethanol resulted in more homogeneous dispersions when compared to those dissolved in H2O this included more 
homogeneous coating thickness, less large crystal formation, and less cracking of the coating. Magnification at x12.5 and scale bars 250 
µm. 
A well known implication of this mechanisms is that low pressures during coating can promote 
homogeneity. That is, the differential of fluid transfer processes, diffusion and convection, are minimised 
when pressure is low.192 This rationalises the use of decreasing pressures or gaseous products/vapour and 
thus chemical vapour deposition as a means of coating the catalyst over a surface.192 
2.3.2 Synthesis of CNTs with Chemical Vapour Deposition 
Optimisation of a CVD process is not straightforward. It is concerned with the thermodynamically driven 
interrelations of various forms of non-linear energy systems including mass transfer and chemical energy 
transfer.80,192 Due to these interacting systems systems are highly non-orthogonal and often highly 
heterogeneous. Accordingly, the approach below is highly experimental and iterative. 
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2.3.2.1 Catalyst Coating via CVD assisted Thermal Decomposition of 
Metallocenes 
The results using wetness incipient impregnation suggested using vapour could result in more 
homogeneous catalyst coatings – consequently CVD methods were pursued. Catalyst coatings with CVD 
have the advantage of having relatively less variables to optimise. Further, CVD methods have a potential 
for thinner coatings preserving scaffold porosity as well as minimising the weight percent of catalyst and 
subverting any potential toxicity issues resulting for the metal catalyst.192 The deposition of a metal catalyst 
proceeds through decomposition of a gaseous chemicals containing the desired metal catalyst particle. 
This requires use of metallic compounds that can be carried in a gas phase at temperatures low enough 
for the CNT growth substrate to be stable. Further, suitable compounds must also be able to decompose 
or be reduced to the pure metal catalyst required for CNT growth. One class of compounds that satisfy 
this stringent set of criteria are organometalliods. The field of transition organometallic chemistry 
originates from the discovery of ferrocene in 1952.193 Ferrocene, (C5H5)2Fe can be sublimated without 
decomposition at temperatures ~ 100 ˚C, and with further increases to 450 ˚C, ferrocene will decompose 
(see below to see the chemical structure of ferrocene). Another organometalloid of interest is metal 
phthalocyanines. Similar to ferrocene they fit the stringent requirements for metal catalyst deposition via 
CVD, however, metal phthalocyanines have the advantage they contain high amounts of carbon and can 
thus bee used simultaneously for catalyst deposition and as a carbon feedstock (see below to see the 
chemical structure of iron phthalocyanine C32H18N8). 
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Figure 15: Shows the chemical structure of the organometalliods ferrocene and iron phthalocyanine 
2.3.2.2 One-step Floating Synthesis of CNTs with Iron Phthalocyanine 
Synthesis of CNTs using one-step CVD decomposition (as above, phthalocyanines are also provide the 
carbon feedstock) is comparably simpler than multistep procedures with other organometalliods. The 
one-step synthesis reflects a reduced number of parameters requiring optimisation and was thus 
considered the most appropriate choice.194 Synthesis was conducted in a horizontal tube furnace apparatus 
(Figure 16). To validate CNT synthesis conditions, initial testing was conducted as per previous literature 
on a quartz substrate.194,195 Iron phthalocyanine (100 mg) was used as purchased without further 
purification and loaded into the first zone of a dual zone furnace with independent temperature control of 
both zones. The quartz substrate was placed into the second zone of the tube furnace. The furnace was 
purged with Ar gas (1 L min-1) for 10 mins to remove air which would introduce impurities as well as 
interfere with catalyst deposition and CNT formation. The second zone was ramped to 600 ˚C over 40 
mins with Ar flow of (0.15 L min-1) and allowed to equilibrate while the first zone was ramped to 550 ˚C 
over 25 mins where iron phthalocyanine sublimated and was carried by flow of Ar (0.15 L min-1) and H2 
(0.01 L min-1). Once ramped the furnace was left to dwell for 20 mins with flow conditions maintained. 
Following this the furnace was turned off and cooled under Ar flow (0.15 L min-1).  
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Figure 16: Shows dual zone tube furnace apparatus used for CVD assisted thermal decomposition of metallocenes as well as CNT 
synthesis. The left image shows the alumina boat with two ~ 6 x 8 mm TCP/HA scaffolds – placed within the tube furnace such that the 
scaffolds reside at the centre of the second zone of the tube furnace. The right image shows the tube furnace open with 44 mm ID quartz 
tube resting inside. 
The CNTs synthesised via decomposition of iron phthalocyanine over quartz were analysed using SEM to 
confirm success of the procedure and observe tube morphology. Prior to microscopy, the quartz substrate 
was scratched with a pair of tweezers removing CNTs and allow inspection of catalyst particles over the 
quartz substrate (Figure 17). 
 
Figure 17: Shows representative SEM micrographs of CNTs synthesised over a quartz substrate using CVD with iron phthalocyanine. The 
substrate was scratched with a pair of tweezers the reveal the quartz substrate and peel back the CNTs. An iron nanoparticle catalyst can 
be seen coating the quartz surface beneath the layer of CNTs. Scale bar 1 µm. 
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As per analysis with SEM, pyrolysis of iron phthalocyanine produced aligned tubular structures over the 
quartz substrate – a likely indication of successful synthesis of CNTs. Further, exposed sections of the 
quartz substrate showed homogeneous coating of catalyst particles. 
The above procedure for one-step floating synthesis of CNTs with iron phthalocyanine, was repeating 
replacing the quartz substrate with porous ceramic scaffolds of Sr-HT-Gah (Figure 18). Analysis with SEM 
showed aligned tubular structures over the porous ceramic Sr-HT-Gah scaffolds. 
 
Figure 18: Shows representative SEM micrographs of CNTs synthesised over ceramic Sr-HT-Gah scaffolds using CVD with iron 
phthalocyanine. The low magnification image at the left shows differential coating thickness present on the interior and exterior surfaces 
of the scaffold. The image in the centre shows moderate length coatings, and the image at the right shows relatively long CNTs at the 
exterior or the scaffold. Scale bars 10 µm in all images. 
Comparing the interior and exterior surfaces of the scaffolds revealed heterogeneities present in catalyst 
particles coating the scaffold surface as well as in the growth of CNTs over these surfaces. This indicated 
a difference in flow conditions with possible differences in the decomposition and residence times of 
gaseous precursor products. 
2.3.2.2.1 Computation Prediction of Heterogeneities Resulting from Flow 
Conditions 
To improve coating, we completed computational analysis of changing flow conditions. Accordingly, a 
computation model of a simplified segment of the horizontal tube furnace was developed using ANSYS 
CFX software (Figure 19). This approach allows insight into the flow conditions (pressure losses, flow 
features and turbulent conditions) within the tube furnace and importantly, gaseous boundary layers 
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present over the porous scaffold. CAD models of the furnace, scaffolds support and scaffold were 
developed in SolidWorks and imported into ANSYS Workbench (Figure 19 A). The simulated models were 
cut along a line of symmetry and meshed with mapped faces and a boundary/inflation tetrahedral mesh 
containing approximately 1,000,000 elements and 400,000 nodes. Boundary conditions along the circular 
cross section of the tube furnace defined flow into and out of the tube at varying flow rates. The 
computational model was defined using a RSM model, which simplifies complex 2nd order flow behaviours 
present in turbulent features such as rotational and anisotropic flow (a sensitivity analysis confirmed the 
model was accurately meshed for the given analysis type with convergence of flow parameters for the given 
mesh conditions). 
 
Figure 19: Shows results from a computation fluid dynamics study examining the effects of reducing the flow rate within a tube furnace 
reactor. 
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The flow field in the the furnace was visualized with velocity streamlines from the flow inlet boundary 
condition throughout the furnace (Figure 19 C). Flow streamlines in this image indicate minimal 
generation of turbulent features such as flow recirculation – a results consistent for both flow conditions 
tested. The effect of changing the total flow rate into the tube was analysed. With the aim of increasing 
homogeneity, we investigated two hypotheses: 1) whether high flow rates would lead to turbulent features 
with increased mixing and thus increasing homogeneity, or 2) if slow flow rates would increase 
homogeneity as disturbances to the input flow profile would be minimised. Comparing high flow (Figure 
19 B) and low flow (Figure 19 D) we took the ratio of the measured flow velocity within the boundary layer 
(nodes adjacent the surfaces) of exterior and interior surfaces of the scaffolds. A total flow rate of 0.25 L 
min-1 yielded a ratio of 17.75 between exterior and interior surfaces, and a total flow rate of 0.03 L min-1, a 
ration of 7.72. Given this, we concluded that decreasing flow rates would increase the homogeneity present 
throughout the porous scaffold structures. 
Implementing this results, we ran experiments for synthesis of CNTs using one-step CVD decomposition 
of iron phthalocyanine using differing flow rates (SEM of resulting CNTs pictured in Figure 20). 
 
Figure 20: Shows representative SEM micrographs of CNTs synthesised over ceramic scaffolds using CVD with iron phthalocyanine at 
varying flow rates. Decreases to the flow rate resulted in an increasing decomposition of metal nanoparticles over the CNTs. Flow 
conditions at left (0.25 L min-1) show no iron nanoparticles present over the surface of the CNTs. Flow conditions in the centre (0.06 L 
min-1) show iron nanoparticles coating the exterior of the CNTs, and Flow conditions at right (0.03 L min-1) show no thicker crust of 
nanoparticles present over the surface of the CNTs. Scale bars 2 µm in all images. 
Unfortunately, lowering the flow rate had expected results. Decreasing flow rates resulted in an increasing 
decomposition of metal nanoparticles over the CNTs. This is demonstrated in Figure 20, where flow 
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conditions at left (0.25 L min-1) show no iron nanoparticles present over the surface of the CNTs and 
decreasing flow conditions in the centre (0.06 L min-1) and right (0.03 L min-1) show an increasing 
deposition of nanoparticles present over the surface of the CNTs. 
This result indicated that decomposition profile of the phthalocyanine derived carbon products was 
different to that for decomposition of the iron. Since these parameters are intrinsically linked using a one-
step synthesis, it became evident that such a method could not simultaneously achieve homogeneous 
coating of both the catalyst and CNT product. 
Interestingly, we have stumbled upon a synthesis method for high surface area metal-CNT catalysts. 
Similar materials have been under development for applications as electrocatalysts in oxygen reduction 
reactions. Such materials require chemically stable high surface area electrodes. Accordingly, CNT 
synthesis with use of low flow rates and metal phthalocyanines may yield efficient metal-CNT catalyst 
materials. 
2.3.2.2.2 Ferrocene 
A two-step synthesis method was adopted to address the shortcomings of the one-step method discussed 
above. This looked at the iron metallocene ferrocene as described above. To coat scaffolds with ferrocene 
derived iron nanoparticles, ferrocene was placed in an alumina crucible in the first zone, while the ceramic 
scaffolds were placed in the second zone atop an alumina platform that suspended the scaffolds at the 
centre point of the circular cross-section of the quartz tube (right image, Figure 16). Catalyst-deposition 
was completed by heating the first zone to 250 ˚C over 75 min under 0.25 L min-1 Ar to sublime ferrocene. 
Concurrently, the second zone was heated to 770 ˚C over 75 min, causing the ferrocene vapor to 
decompose and form the iron nanoparticles over the scaffolds. Initial experimentation sought to optimise 
the mass of ferrocene place in the first zone during the catalyst deposition phase. Figure 21 shows SEM 
micrographs of the surface of a Sr-HT-Gah scaffold following catalyst deposition via ferrocene 
decomposition using CVD. 
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Figure 21: Representative SEM micrograph showing the surfaces of Sr-HT-Gah ceramic surfaces following thermal decomposition of 
ferrocene at low flow rates (0.03 L min-1), and varying mass of ferrocene (mass inset to  top left-hand corner of images). 
Figure 21 shows the CVD of ferrocene over the interior surface of Sr-HT-Gah ceramic scaffolds. A coating 
of iron nanoparticle can be observed in all images. Increasing the mass of ferrocene present for 
decomposition resulted in more particle formation at larger particle sizes. The homogeneity of these 
scaffold coatings was comparable over scaffold Interior and exterior surfaces. Figure 22 shows 
representative SEM micrographs of the outside and inside surfaces of porous ceramic scaffolds coated 
under these conditions. 
 
Figure 22: Representative SEM micrograph showing the outside and inside surfaces of Sr-HT-Gah ceramic surfaces following thermal 
decomposition of ferrocene with CVD at typical flow rates for CNT synthesis (0.25 L min-1). Scale bars 1 µm. 
 62 
Similar to results obtained using iron phthalocyanine, catalyst coatings with ferrocene showed a difference 
to the amount of iron deposited over the scaffolds exterior and interior surfaces (Figure 22). This 
corresponded to differences in the consequential synthesis of CNTs over these scaffolds. Figure 23 shows 
the CNT-coated Sr-HT-Gah ceramic formed under sub-optimal synthesis conditions, in this case using 
gas-flow rates typically chosen for CNT growth by CVD.85 Here, a flow rate of 0.132 L min-1 Ar was used 
during the catalyst-deposition phase, resulting in only the exterior of the scaffolds being coated, indicating 
that the CNT-growth catalyst was only deposited on these surfaces.  
 
Figure 23: Scanning electron micrographs with false-colouring showing cross-sections of porous Sr-HT-Gah ceramic scaffolds coated 
with CNTs under typical flow rate conditions. CNTs and ceramics are coloured purple and teal, respectively. Ceramic can be seen in all 
images as the scaffolds were cross-sectioned for imaging. Magnification increases across the page, with scale bars corresponding to 200, 
20 and 10 µm. 
As suggested by the above computation study, an attempt to improve the scaffolds coating was investigated 
by slowing the flow rate during catalyst decomposition (Figure 24). 
 
Figure 24: Representative SEM micrograph showing interior  and exterior surfaces of Sr-HT-Gah ceramic surfaces following thermal 
decomposition of ferrocene and low flow rates (0.03 L min-1). 
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Analysis comparing the interior and exterior surfaces of the scaffolds revealed relative homogeneity in the 
catalyst coverage. Improving coating homogeneity of subsequent CNTs growth was also observed in the 
growth of CNTs at the interior surface for decreasing flow rates (Figure 25). 
 
Figure 25: Representative SEM micrograph showing the interior surfaces of a Sr-HT-Gah ceramic following two-step floating ferrocene 
synthesis of CNTs with decreasing flow rate. The image at left, middle and right shows flow rates of 0.25 L min-1, 0.06 L min-1, and 0.03 L 
min-1 respectively. 
Optimisation resulted in flow conditions that could homogeneously coat the porous ceramic scaffolds. 
However, closer inspection of the scaffolds revealed the formation of amorphous carbon species were 
being formed over the surface of the scaffold. Figure 26 shows another CNT-coated Sr-HT-Gah ceramic 
produced under above described synthesis conditions.  
At high magnification (right image, Figure 26), atypical CNT morphologies were observed, with ruffled 
CNT textures and carbonaceous impurities coating the CNTs. Due to the non-orthogonal relationships 
between CNT synthesis parameters,85 it is difficult to determine the mechanism responsible for poor 
growth; however, such growth is indicative of a poor-quality carbon source (including suboptimal 
breakdown of the carbon source), as well as incorrect gas residence times and corresponding 
temperatures. 
 64 
 
Figure 26: Scanning electron micrographs with false-colouring showing cross-sections of porous Sr-HT-Gah ceramic scaffolds coated 
with CNTs under low [H2] conditions. CNTs and ceramics are coloured purple and teal, respectively. Ceramic can be seen in all images 
as the scaffolds were cross-sectioned for imaging. Magnification increases downwards, with scale bars in rows 1, 2, 3 corresponding to 
100, 10 and 2 mm respectively. 
While carbonaceous material can penetrate to the interior of the scaffold, the quality of the CNTs is 
compromised, in efforts to remove formation of undesirable carbon products, synthesis conditions were 
altered to include the the carbon etchant CO2 and relatively high concentrations of H2. 
 
Figure 27: Representative SEM micrographs comparing two-step floating ferrocene synthesis of CNTs without (left) and with (right) the 
carbon etchant CO2 and relatively high concentrations of H2. 
Figure 27 demonstrates the importance of including CO2 and increased concentrations of H2 during CNT 
synthesis.  Carbonaceous impurities are removed in the presence of the mild etchant and increased 
hydrogen flow. 
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2.3.2.3 Optimised Two-Step Floating Ferrocene CVD Conditions 
Using a two-step procedure with ferrocene as well as etchants, reproducible homogenous coatings of high 
quality CNTs over the porous ceramic scaffolds was achieved. Specifically, ceramic scaffolds of TCP/HA 
or Sr-HT-Gah were coated with vertically aligned carbon nanotubes (VACNTs) using CVD in a dual-zone 
furnace (OTF-1200 2-II, MTI) containing a cylindrical quartz tube (inside diameter 44 mm, length 700 
mm). Gas flows (Ar, H2, C2H4, and CO2) were controlled using Alicat Scientific mass-flow controllers. The 
CNT catalyst precursor ferrocene (100 mg, 98%, Sigma-Aldrich) was placed in an alumina crucible in the 
first zone, while the ceramic scaffolds were placed in the second zone atop an alumina platform that 
suspended the scaffolds at the centre point of the circular cross-section of the quartz tube. The CNT 
growth process was performed in two phases: an initial catalyst-deposition phase followed by the CNT 
growth phase. During catalyst deposition, the first zone was heated to 250 °C over 75 min under 0.0165 L 
min-1 Ar (for optimal synthesis conditions) to sublime Fc. Concurrently the second zone was heated to 
770 °C (for TCP/HA scaffolds) or 745 °C (for Sr-HT-Gah scaffolds) over 75 min, causing the ferrocene 
vapor to decompose and form the Fe nanoparticles over the scaffolds that catalyse CNT growth. The low 
flow rate used minimized turbulence, the chaotic nature of which precluded the even distribution of CNT 
catalysts precursors in other experiments using higher flow rates. Using lower flow, or no gas flow, during 
catalyst deposition resulted in a backflow of gases and ferrocene recrystallization rather than 
decomposition over the scaffolds. Following catalyst deposition, the temperature was then maintained at 
250 and 750 °C in the first and second zones, respectively, while 0.25 L min-1 H2/Ar/C2H4 in the ratios 6/17/5 
respectively as well as 4500 ppm CO2 flowed through the tube. After 5 min, the furnace was cooled to 
ambient temperature under a flow of 0.5 L min-1 Ar 
Figure 28 shows scanning electron micrographs of CNT-coated ceramic scaffolds with false colouring. The 
scaffolds have been cross-sectioned to demonstrate that the synthesis procedure has been optimized to 
uniformly coat the interior structure of the porous scaffolds. A similar cross-section, reconstructed from 
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micro-CT scans, is shown in Figure 33. Under optimized conditions, a coating of high-quality CNTs (see 
characterisation data and discussion below) of uniform depth, without carbonaceous impurities or bare 
spots, was produced (Figure 28 column A). The ceramic interior of the materials produced under these 
conditions was only visible at points of cross-sectioning. Higher-magnification images of the material 
produced under optimized conditions (Figure 28 A, row 3) revealed the structure of the coating, which 
consisted of vertically aligned CNTs (VACNTs). CNTs align vertically when the formation of adjacent 
nanotubes prevents growth in directions other than orthogonal to the supporting scaffold, and therefore 
this alignment indicates that the CNT-growth catalyst was deposited on the underlying ceramic as evenly 
spaced particles having a narrow size distribution.196 
The optimal CNT synthesis temperature differed for the TCP/HA and Sr-HT-Gah scaffolds; CNT 
deposition on TCP/HA scaffolds required higher temperatures (770 °C) than that on Sr-HT-Gah scaffolds 
(745 °C). The reasons for this difference were not investigated; however interactions between CNT-growth 
catalysts and scaffolds are known to impact carbon breakdown over a catalyst,85,197 and thus optimum 
synthesis parameters. Nevertheless, both ceramic scaffolds could be coated successfully, demonstrating 
the generality of the technique and offering promise for the coating of other thermally stable porous 
scaffolds with CNTs.  
 
Figure 28: Scanning electron micrographs with false-colouring showing cross-sections of porous Sr-HT-Gah ceramic scaffolds coated 
with CNTs under optimal conditions. CNTs and ceramics are coloured purple and teal, respectively. Ceramic can be seen in all images as 
the scaffolds were cross-sectioned for imaging. Magnification increases downwards, with scale bars in rows 1, 2, 3 corresponding to 100, 
10 and 2 mm respectively. 
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2.3.3 Characterisation of Optimised CNT Coated Scaffolds 
Numerous reports have emphasized the importance of using high-quality or ‘pristine’ CNTs in biological 
applications. This requires low levels of bioavailable metal from the CNT-growth catalyst precursors and 
high graphitic purity of the CNTs, as problems with the CNT-growth catalyst or CNT purity will 
significantly affect biological response, as will defects, doping or functionalization.123,132 The quality (level 
of defects, purity and graphitic structure) of the CNTs synthesized here was investigated by measuring 
their structural and chemical characteristics. 
2.3.3.1 Ultrastructural Characterisation 
Following fabrication of scaffolds and coating with CNTs, scaffolds were cut in half along their height/long 
axis using a surgical scalpel to expose a rectangular cross-section where the interface between the ceramic 
and CNT coating could be observed. The morphology of the CNT coatings was then observed using field-
emission scanning electron microscopy (FESEM, Zeiss Ultra plus). The CNT diameters were analyzed 
from measurements of 884 nanotubes using high-resolution transmission electron microscopy (HRTEM, 
Philips CM120 Biofilter). For TEM, scaffolds were prepared by crushing with a mortar and pestle, mixed 
with 20 mL of ethanol, and bath sonicated for 15 min before three drops of the resulting mixture were 
pipetted onto a 200 mesh copper grid (coated with lacey carbon film) and air dried. CNT quality was 
assessed using Raman spectroscopy performed at room temperature using a Renishaw Raman with 10 mW 
Ar+ laser (filtered to 10% power) at 514 nm excitation fitted through a compound microscope with x20 
objective and 5 s acquisition time. Low laser power and acquisition time ensure minimal deviation from 
ambient conditions which could affect the Raman spectra of the CNTs.97,198 
Ultrastructural characterisation of CNTs by provides significant characterisation data including diameter, 
chiral angle, length, number of walls, interval spacing and qualitative measure of CNT quality and yields.85 
Figure 29 shows a representative TEM micrograph revealing characteristic multiwalled-CNT morphology. 
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Notably the structures have high aspect ratios and a tubular structure – indicating that the carbon is 
graphitic rather than amorphous or sp3 hybridised. 
 
Figure 29: Shows a representative TEM micrograph of CNTs removed from the surface of a Sr-HT-Gah scaffold (see Experimental 
section for details, scale bar = 500 nm). 
A morphometric analysis of these images was conducted to determine the diameters of 884 CNTs. This 
data is shown as a histogram in Figure 30 with average diameter of 23.6 nm over a range of 3.9– 108.6 nm. 
This distribution was comparable to the dimensionality and range seen for collagen fibrils, the main 
constituent of the extracellular environment. Connective-tissue collagen fibres have been observed with 
average diameters between 60–80 nm and ranges between 20–140 nm.199,200 Use of nanotopographies and 
fibrous structures with such dimensionality has demonstrated an ability to control stem cell fate for 
osteogenesis.201 
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Figure 30: Is a meta-analysis of TEM micrographs showing a histogram of the diameters of CNTs removed from the surface of a Sr-HT-
Gah scaffold. 
2.3.3.2 Compressive Mechanical Testing of Scaffolds 
Mechanical properties of the scaffolds were determined in dry conditions on eight independent 
specimens from each sample group, via unconfined compression testing using a computer controlled 
Instron 8874 (UK) testing frame equipped with a 1kN capacity load cell. Scaffolds with flat surfaces were 
selected as test specimens, and tests were conducted using a displacement control mode with crosshead 
displacement rate of 0.5mm min-1. The highest peak in the stress-strain curve within 2–17% compressive 
strain was used to determine the compressive strength and modulus. Compressive strength was 
measured as the maximum stress at the top of the peak, and the compressive modulus was calculated as 
the slope of the curve leading up to the peak. Figure 31 shows representative force-displacement curves 
of ceramic scaffolds under compressive loading. As a result of the non uniform structure of the porous 
scaffolds, force-displacement curves typically show non linear features as the structure is loaded. 
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Figure 31: Representative compressive strength of scaffolds as measured on with the Instron 8874 under compressive loading. As a result 
of the non uniform structure of the porous scaffolds, force-displacement curves typically show non linear features as the structure is 
loaded. 
Figure 32 shows that there were no significant changes to the compressive strength of the TCP/HA or the 
Sr-HT-Gah scaffolds upon coating. Importantly, heat treatment, the CNTs themselves or procedures 
otherwise required to coat the scaffolds did not compromise their mechanical performance. Further, while 
the nominal values of compressive strength could be considered insufficient for load bearing applications, 
their performance given the relatively high porosities (B90%) should be stressed. Previous reports with Sr-
HT-Gah scaffolds have shown that decreasing the porosity of a Sr-HT-Gah scaffold significantly increases 
its strength. Decreasing porosity to 80% has previously produced increases in the scaffold’s compressive 
strength to 4.1 MPa (an approximate 8-fold increase given their strength reported herein); a strength 
comparable to cancellous bone.47  
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Figure 32: Comparison of the compressive strength of uncoated and CNT coated TCP/HA and Sr-HT-Gah scaffolds, showing no 
significant differences upon coating (n = 8). 
2.3.3.3 Scaffold Porosity 
The surface area and interparticle porosity of the scaffolds and composites were determined from N2 
adsorption–desorption isotherms measured at 77 K on a Quantachrome iQ sorption instrument. Samples 
were monoliths and were degassed at 150 °C for 12 h before measurement. The Brunauer–Emmett– Teller 
surface areas202 were calculated from the portion of the isotherm with P/P0 = 0.05–0.25, and pore-size 
distributions were calculated according to the Barrett–Joyner–Halenda method203 using data from the 
adsorption branch. The three-dimensional architecture of the porous scaffolds was assessed by 
microcomputed X-ray tomography (µCT; SkyScan 1072, Belgium). Porosity was determined in ImageJ by 
importing image stacks and averaging the measured scaffold area of each slice/scan with Otsu 
thresholding. Rendered volume reconstructions were completed with a volume-viewer plugin and were 
used to measure scaffold pores and determine pore size (n > 60 for each scaffold type). The surface area 
of the TCP/HA scaffolds following coating was compared using N2 physisorption. Coated scaffolds showed 
a 1.36-fold increase in the Brunauer–Emmett–Teller surface area compared to the bare scaffold (3.88 and 
2.85 m2 g-1 for coated and uncoated samples, respectively). High surfaces areas better mimic the surface-
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area-to-volume ratios seen in the nanofibrous structures of the extracellular matrix. Further, large surface 
areas potentiate further increases to scaffold bioactivity by adsorption or covalent attachment of 
biochemicals.204 
Analysis with microcomputed X-ray tomography (mCT; SkyScan 1072, Belgium) demonstrated scaffold 
porosities of 90.1% for Sr-HT-Gah and 92.6% for TCP/HA scaffolds. Scaffold pores had diameters in the 
range 580–850 mm with an interconnectivity of 100%. Porosity 480% with pores of diameters Z300 mm is 
ideal for promoting tissue regrowth, as it allows cellular infiltration, the transport of nutrients/waste and 
bone ingrowth.37 A cross-sectioned volume generated from CT scans of a TCP/HA scaffold is shown in 
Figure 33. The porous, sponge-like structure of the scaffolds resembled the architecture of cancellous bone.  
 
Figure 33: Shows a representative reconstruction of micro-CT data taken of a TCP/HA scaffold. The sponge-like architecture of the 
material resembles that of cancellous bone (scale bar = 1 mm). 
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2.3.3.4 Ion Release 
CNTs are grown over metallic catalyst particles that induce the decomposition of the carbon precursor 
and mediate the formation of the nanotube; however, these particles have been suggested as sources of 
CNT toxicity.132,133 
The leaching of metal ions per scaffold mass of Fe and Ca from TCP/HA scaffolds was analyzed using 
inductively coupled plasma-optical emission spectrometry (ICP-AES, Vista AX, Varian). Scaffolds were 
weighed and left in 2 mL of x1 phosphate-buffered saline. At specified time points, 1 mL samples were 
taken and replaced with 1 mL of fresh saline. This was completed with eight samples each of both CNT-
coated and non-coated samples of TCP/HA and Sr-HT-Gah. Samples were diluted 1:20 in 2 wt% HNO3(aq) 
prior to measurement. Calibration curves were prepared from 3–5 manually diluted samples prepared from 
a commercial multi-element standard (CHOICE Analytical) in 4.5 wt% HNO3(aq). All calibration curves 
were linear with R2 ≥ 0.9799. The spectral lines analyzed were: Ca, 396.847 nm; Fe, 238.204 nm; K, 766.491 
nm; Mg, 279.553 nm; and Na, 589.592 nm. Metal concentrations were averaged over the samples at each 
given time point. These values were then used to calculate the Fe and Ca released between time points, 
which can be calculated as the mass of metal measured at a given time point minus the mass of metal that 
was present after the previous time point, i.e. after the solution had been sampled and replenished with 
fresh media: 
Equation 1:     𝑚"#$#%&#',)	 = 	𝑚,#%&-"#',)	 − 𝑚"#$#%&#', )/0 /2 
The total mass m, of metal released at time point N can then be calculated by summing the metal released 
between time points from i = 1 to i = N: 
Equation 2:     𝑚"#$#%&#',)	 = 	 𝑚"#$#%&#',)3)40  
The concentration of Fe was compared to a control solution in which no scaffolds were soaked. When 
compared to a control solution without scaffolds, the solutions containing CNT-coated TCP/HA scaffolds 
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had significantly more (P < 0.05) Fe in solution at 9 and 12 days, whereas uncoated TCP/HA scaffolds had 
significantly more at 15 and 21 days. Although the Fe release was delayed between the coated and uncoated 
scaffolds, the differences in the total amount of Fe released were not significant, demonstrating that there 
was no significant increase in Fe release resulting from the presence of the Fe CNT-growth catalyst. Over 
the course of 21 days, the cumulative release of Fe from the scaffolds was ~ 0.53 mg (@ 0.27 ppm in 
experimental conditions - see Figure 35 A). This is many times smaller than the average daily absorption 
of iron in humans, which is approximately 1 mg,205 vitiating concerns of Fe toxicity. Furthermore, 10–200 
ppm solutions of Fe nanoparticles are routinely used for biological applications and little to no 
toxicological effects on human fibroblasts are observed even for concentrations of 200 ppm or greater.206 
 
Figure 34: Leaching of Fe from scaffolds was measured using inductively coupled plasma-atomic emission spectrometry. The Fe ions 
release is shown per gram of scaffold. 
Importantly, the CNT coating perturbed neither the degradation of, nor the release of Ca from, the TCP/HA 
scaffolds Figure 35. Accessibility and release of calcium is important as, together with phosphate, it is the 
main component of bone matrix. The release of Ca from such synthetic materials improves both 
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calcification of bone extracellular matrix and bone strength. Further, Ca plays important roles in 
osteogenic cell signalling, including encouraging mesenchymal precursors and upregulating osteogenic 
differentiation.45 Such release of bioactive molecules improves osteogenesis and thus scaffold fixation and 
the interfacing between newly formed bone and the synthetic scaffold.36,45 
 
Figure 35: Leaching of Ca from scaffolds was measured using inductively coupled plasma-atomic emission spectrometry. The Ca ions 
release is shown per gram of scaffold. 
2.3.3.5 Raman Spectroscopy 
Raman spectroscopy has proved to be a powerful CNT characterisation technique capable of elucidating 
diameter, conduction properties and graphitisation. CNT quality was assessed using room temperature 
Raman spectroscopy. Figure 36 shows a Raman spectrum characteristic of CNT-coated Sr-HT-Gah 
scaffolds.  
 76 
 
Figure 36: Shows a characteristic Raman spectrum of CNT-coated Sr-HT-Gah scaffolds with sharp peaks characteristic of multiwalled 
CNTs at ~1350 cm-1 (D band), ~1580 cm-1 (G band), and ~2700 cm-1 (G’ band). 
All samples showed sharp peaks characteristic of multiwalled CNTs at ~ 1350 cm-1 (D band), ~ 1580 cm-1 (G 
band) and at ~ 2700 cm-1 (G’ band). The relative heights of the graphitic-structure-derived G-band and the 
defect-derived D-band, or IG/ID ratio, of ~ 2.5 indicated a high crystal purity and low defect concentration 
of the CNTs.  
2.3.3.6 Thermogravimetric Analysis 
The quality of the CNTs was assessed with TGA. Figure 37 shows a TGA curve characteristic of the CNT-
coated Sr-HT-Gah scaffolds.  
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Figure 37: Shows a characteristic thermogravimetric analysis of the CNT-coated Sr-HT-Gah scaffolds. The left axis and corresponding 
curve showing a total weight loss of 6 wt% from 100% to 94% with most significant weight loss (between 450 and 600 °C) attributable to 
the oxidation of CNTs in air. The right axis shows the derivative of the weight% with respect to temperature; with a peak at 
approximately 580 °C. This peak corresponds to the temperature with the highest mass loss given a change in temperature. The noise in 
the axis is attributable to the relatively small sample size and high sensitivity of the instrument. 
Slight decreases in mass (0.1–0.2%) were observed upon heating in air from room temperature to 450 °C, 
after which there was an average decrease in sample weight of 4.38% (of total sample weight). This second 
decrease (temp > 450 °C) is attributed to the oxidation of CNTs, and the minimal changes in weight prior 
to this temperature indicate the high quality of the CNTs and absence of other carbonaceous products 
from CNT synthesis. 
2.4 In Vitro Response of CNT Coated Ceramic Scaffolds 
Given the homogeneous coating of high quality pristine CNTs and literature precedence, we predicted a 
positive in vitro response. Studying the biological response under these conditions we hoped to remove 
biological context and control parameters, providing relative simplicity and allowing a more detailed and 
convenient analysis of biological subsystems. Accordingly, we chose to use cell culture techniques. Cell 
culture uses animal or plant cells removed from their natural environment. The cells are subsequently 
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grown in a controlled artificial environment where their reaction to drugs, toxic compounds and 
biomaterials can be investigated. 
Testing of biomaterials most commonly looks at the interaction between adherent animal (including 
human) cells and a material of interest. Cells are allowed to attached and grow over a material while 
submersed in a controlled solution of cell culture media that provides the necessary nutrients to support 
normal cell functions such as metabolism and proliferation as well as other more specific functions 
including cell differentiation. 
Throughout this thesis we examine two cells types. Primary adipose-derived stem cells or ASCs, an 
adherent human mesenchymal stem cell (MSCs) and primary human osteoblast cells or HOBs. ASCs are 
a cell isolated from liposuction and their multipotency has been confirmed by the distributor – with reports 
of differentiation to chondrogenic, osteogenic, myogenic and adipogenic lineages.207 Additionally, 
multipotency has previously been confirmed with positive surface marker results for CD13, CD29, CD44, 
CD73, CD90, CD105, CD166; and negative results for CD14, CD31, CD45, surface markers.207 Adipose-derived 
stem cells were isolated from liposuction samples of 3 donors and cultured as per manufacturers 
instructions in MesenPRO RS Basal Medium with the supplementations of 2 mM L-glutamine and 
MesenPRO RS Growth Supplement used until passage. Media was then changed to ‘ASC expansion media’; 
α-MEM (Gibco), supplemented with 10% (v/v) heat-inactivated foetal calf serum (FCS, Gibco), 1 % 
penicillin/streptomycin (Gibco). ASCs at passage five were used for the study. For all studies ASCs were 
cultured at a density of 200k cells per scaffold in standard conditions 37 °C, 95 % humidity and 5 % CO2. 
Scaffolds were sterilised by autoclaving, placed in 12-well plates, and washed with ethanol prior to 
incubating overnight in expansion medium and aspirated dry prior to cell seeding. The seeded scaffolds 
were incubated for 2 hours at 37°C to allow cell attachment, after which 2.5mL of expansion medium was 
added to each well. 
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Also used throughout this thesis are human osteoblast cells or HOBs. These cells are a primary adherent 
cell isolated through washing and digestion of normal human trabecular bone. Unlike ASCs above, HOBs 
are a terminally differentiated cell. They are responsible for the formation and maintenance of bone, 
including secretion of collagen type I, and other proteins abundant in bone tissue. Like ASCs, HOBs are a 
mesenchymal cell. HOBs are cultured in standard culture conditions at 37 ˚C in 95% humidity and 5% CO2 
as described above. 
2.4.1 Cell Attachment and Spreading 
Much can be learnt about the biological interactions of a biomaterial through visualising cells. Of the most 
straightforward visualisation experiments is cell attachment. Most commonly, this involves culturing cells 
over 2D substrates of the material of interest. If materials are transparent, then this can often be directly 
observed with compound microscopy. Similar studies can be completed with opaque materials using 
epifluorescence, x ray CT or scanning electron microscopy. Cell attachment is indicative of a biomaterials 
toxicity and ability to support cellular proliferation. Typically, it is desirable that cells adhere quickly and 
spread to be flat against the material. Slow attachment and poor spreading can indicate toxicity or an 
inability for a material to interact with the biochemicals necessary to support cell life. 
Common techniques for the visualisation of cells in 3D environments include confocal microscopy and 
scanning electron microscopy. Both of these techniques require that cells are fixed (or that is, crosslinked) 
to ‘freeze’ them at a given timepoint as well as prevent death and decay during subsequent storage and 
microscopy. 
We investigated cell attachment over uncoated and CNT uncoated TCP/HA and Sr-HT-Gah scaffolds 
using SEM analysis. ASCs were cultured for 24 h and then fixed for SEM analysis as previously described.47 
Figure 38 shows false-coloured SEM images of ASC attachment to uncoated and CNT-coated scaffolds of 
both TCP/HA and Sr-HT-Gah.  
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Figure 38: Scanning electron micrographs with false-colouring showing cell adhesion 24 h after seeding over (A) TCP/HA (B) CNT-
coated TCP/HA (C) Sr-HT-Gah (D) CNT-coated Sr-HT-Gah. Scaffolds were fixed and cross-sectioned after cell culture. CNTs, cells and 
ceramics are coloured purple, dark blue, and light blue, respectively. Scale bars are 20 µm (2 µm in insets). 
Biocompatibility was comparable between scaffolds with cells interacting favourably with all scaffold 
types, showing a high degree of spreading and elongated morphologies (Figure 38). Insets in Figure 38 
show high-magnification images of cells grown on the different scaffolds. Over CNT-coated scaffolds 
(Figure 38 B and D), there were more filopodia-type protrusions extending from the leading edge of the 
lamellipodia and interacting with the scaffolds. The large number of filopodia suggests a strong anchorage 
to the scaffold through filopodia coupled adhesions. Similar observations have been made for other CNT-
containing scaffolds, with reports of high numbers of attachment sites and increases to cell 
spreading.151,171,179,208 
 81 
2.4.1.1 Cell Proliferation 
The proliferation of cells is the overall sum of cell processes including growth, in which cell numbers 
increase through cell division, and processes in which cells are lost or stop dividing, including cell death, 
apoptosis and differentiation. While terminally differentiated cells such as HOBs often have a limited 
potential to proliferate, progenitor cells such as ASCs are defined by a less restricted potential for cell 
division, thereby able to undergo numerous generations of cell division. The total cell proliferation is an 
indicator of cell health. Consequently, a biomaterial that supports a high rate of cellular proliferation 
indicates a strong potential for supporting cell life in vivo. However, it should be noted that since cell 
proliferation is the sum of numerous process, which include differentiation, high proliferation is certainly 
not a definitive indicator of the potential of a biomaterial. 
There are numerous reports of CNT interaction with indicator dyes (such as MTT and WST assays) used 
to assess cell viability in cell culture studies. Wörle-Knirsch et al. (2006) showed that MTT cell viability 
assays show false negatives as a result of MTT-formazan crystal formation on to CNTs. In the same study, 
the negative viability result from the MTT assays was compared to WST assays, LDH assays and another 
fluorescent technique measuring the mitochondrial membrane potential. These alternative measures all 
demonstrated either the neutral or positive effects of CNTs on cell viability. Another study in 2007 by 
Casey et al. showed that Commassie Blue, Alamar Blue, Neutral Red, MTT and WST all indicate a varying 
degree of decreased cell viability. This further emphasises the presence of interactions between CNTs and 
cell viability indicator dyes. The variability of these results as well as the proven interaction of CNTs with 
MTT-formazen crystals somewhat invalidate their use to assess cell viability in CNT containing mediums. 
While some of the results may have accurately represented cell viability, no alternative methods of 
measuring cell viability were used. For this reason, it is not possible to separate the effects of the CNTs to 
that of the dyes. This problem is further confounded by the variability seen between studies. For these 
reasons, when viability assays are in use, there should be a consideration of the known variability and 
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uncertainty. This may include crosschecking assays results and using assays which minimise uncertainty 
effects. Casey et al. showed consistent results between Neutral Red and WST assays that are comparable 
to the control groups for low concentrations of CNTs (<0.01 mg/mL), while higher concentrations and 
MTT assays showed larger values of uncertainty and variation when compared to control groups.  
To address dissenting reports resulting from interactions of CNTs with various assays, including 
Commassie Blue, Alamar Blue, Neutral Red, MTT and WST assays, cell proliferation was measured using 
a two-step method128,209 that was developed to eliminate confounding chemical interactions occur between 
the CNTs and the fluorescent dyes that can result in false positives or negatives.210 Scaffolds were frozen 
at -80 ˚C and left overnight before washing with a lysis buffer (10 mM TrisHCl, 5 mM EDTA, 0.1% 
TritonX100) and pipetted several times to lyse cells. The cell lysate was removed and lightly centrifuged 
with a small bench top rotor to remove any CNTs, and then incubated with DNA fluorescent SyBR green 
dye (dilute in solution to 1:4000 as purchased from Thermofisher). Following incubation with dye, a plate 
reader was used to measure excitation 485 nm and emission 530 nm fluorescence. The proliferative 
capacity of adherent cells over the scaffolds was assessed for ASCs and HOBs cell types over TCP/HA and 
CNT-coated TCP/HA (CNT-TCP/HA) scaffolds (Figure 39). 
 
Figure 39: Relative cell proliferation determined by measuring DNA-binding protein fluorescence intensity of cells that had been 
separated from the scaffolds; see Experimental section for details. Both ACSs and HOBs cells are measured at 3 and 7 d. For each cell 
types, proliferation is normalized to that measured on uncoated TCP/HA scaffolds at 3 d.a 
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Both scaffold types supported cell proliferation of ASCs over a 7-day period. There were no significant 
differences in proliferation of ASCs and HOBs when cultured on the TCP/HA and CNT-TCP/HA groups at 
any time point, suggesting that CNT-coated scaffolds have comparable biocompatibility to the current 
clinical standard in ceramic bone scaffolds. CNT-coated scaffolds were found to induce early cellular 
proliferation for both ASCs and HOBs however this effect was diminished upon extended culture period. 
Specifically, both cell types showed a higher fluorescence intensity over the CNT-coated scaffolds at day 
three, but relatively lower intensities were seen at day seven. 
2.5 Discussion 
Previous studies have suggested that such reduction in the proliferation of cells over CNT scaffolds is due 
to a slowing of the cell cycle rather than to cell death.211 This proliferation behaviour is similar to that 
previously reported, with no significant differences in proliferation of osteoblasts seen between alumina 
and a CNT–alumina composites.170 Further, when this alumina–CNT composite was implanted in an in 
vivo model, no inflammatory reaction was observed. In another in vivo study that used a non-ceramic 
poly(propylene fumarate)–CNT composite, a 300% increase in bone area formation was observed, 
compared to a control without CNTs. Histological scoring indicated better tissue organization, greater 
ingrowth and a reduced number of surrounding inflammatory cells on the CNT composite scaffold, 
compared to the uncoated polypropylene fumarate.125 The literature contains numerous dissenting reports 
regarding the biocompatibility of CNTs.212 These inconsistencies reflect the variability among CNTs, 
including differences in functional groups or defects in their walls, in electronic nature (conducting or 
semiconducting), in morphology (short, long, thick, thin) and wall number, and in the presence of residual 
transition metals derived from the CNT-growth catalyst. Consequently, there is controversy over the 
mechanism by which CNTs can exhibit toxicity. It is recognized that toxic reactive oxidative species (ROS) 
can be created through the interactions of compounds with CNT defects, undesirable functionalisations 
and interaction with metal catalyst particles.209,213 Consequently, high-purity and defect-free CNTs, such as 
 84 
those synthesized here (see characterisation data in section 2.3.3), minimize ROS formation and thus toxic 
potential. 
Presently, the majority of studies investigating CNT toxicity in vivo demonstrate efficacy through minimal 
toxicity.214 Typical studies focus on the pharmacological application and profile of CNTs including their 
breakdown, accumulation and clearance from biological systems. One study demonstrated no evidence of 
toxicity and thus efficacious use in such applications up to 4 months following treatment.215 In the case of 
bone, in vivo studies with CNTs have evinced benign integration of CNTs into the newly formed bone 
matrix.112,216 In the case of Usui et al. this was demonstrated up to 12 weeks from implantation.111 While this 
demonstrates promising results, the long-term profile of CNTs in such situations is unknown and 
consequently future studies will have to address longer-term health outcomes including the stability of 
CNTs under this environment. Relevant to this study is the fact that CNT toxicity can occur when CNTs 
are dispersed in solution or released from a scaffold/composite, and thus are free to lyse cells, damage cell 
membranes, and accumulate in undesirable locations within cells. CNTs have been shown to accumulate 
in cellular cytoplasm136 and organelles.137 Such concerns have been raised in previous work where CNTs 
have induced asbestos-like pathogenicity when introduced into the mesothelial lining of mice,167 have 
accumulated in the subpleural tissue of mice following inhalation,217 or have accumulated in kidneys and 
lymphatic system of mice.214 Therefore, studies should include assessing the risk of in vivo CNT migration 
and bioaccumulation in undesirable locations. 
Given the established potential of CNTs for tissue engineering across a range of tissue types including 
bone,71,111,170 cartilage,173 muscle,164,174 and nerve tissue,175–177 future testing should also determine the 
potential application of these scaffolds with a wider range of tissue/cell types, in particular those that 
benefit from conductive or electrically active substrates.177 It is worth noting that the bioactivity of CNT  
scaffolds can be modulated through alteration to the dimensional and/or biochemical properties of the 
scaffolds. Dimensionality of nanofeatures such as a CNT coating can be altered by changes to synthesis 
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parameters including carbon supply or temperature,85 and can regulate cell behaviour.15 The potential for 
positive contributions imparted by the nanoscale dimensionality of the CNT interface is an area of further 
interest. Nanodimensional alteration to a material’s surface can regulate stem cell fate through changes to 
cell adhesion as well as morphology. These behaviors can be exploited to improve a biomaterial’s 
regenerative capacity by directing stem cell lineage.201,218 In such applications nanoscale features with high 
aspect ratios (such as CNTs) demonstrate significant upregulation of osteogenic function.14 Such studies 
have demonstrated that cellular mechanisms exist in which osteogenesis is promoted through increases 
to cell stress.201,219 Similar results have been replicated with the use of CNTs to create specified 
nanotopographies. These have shown the ability to direct stem cell behaviours towards neurogenic,220 
myogenic174 and osteogenic lineage.159 Given these findings the potential for the CNT-coated substrates to 
assist in the regulation of cell behaviours is an area of further interest. This should include the full extent 
to which biological systems interact with CNTs. One previously reported behaviour finds CNTs may 
induce bioactivity through formation with hydroxyapatite (HA). In particular, there are reports that CNTs 
can assist nucleation and hence speed the formation of the important bone mineral hydroxyapatite.102,113 
This may prove to be a mechanism of bioactivity for CNT materials. Alternatively, bioactivity of the 
scaffolds may be improved by functionalization or conjugation of the scaffolds with biochemicals.160 Such 
techniques have the potential to greatly increase the materials bioactivity with the delivery of tissue specific 
therapeutics (including growth factors, cytokines or DNA transfections). 
2.6 Conclusion 
We developed novel three-dimensional CNT-coated scaffolds for tissue-engineering applications. The 
scaffolds addressed the deficiencies of previous CNT materials for tissue engineering71,111,112,125,151,154–156,159,169–
171,178,179,181–183 by combining high porosity (90%), which allows waste/nutrient exchange and cellular 
ingrowth, with biocompatibility and the potential for load-bearing applications.47 The uniform, high-
quality coating of CNTs was synthesized over porous ceramic scaffolds by modifying a traditional CNT 
 86 
synthesis by CVD. This involved using relatively low gas-flow rates, and low concentrations of CO2 and 
high concentration of H2 in the CNT-growth phase. No further functionalization or purification steps were 
necessary to yield highly spread attachment of ASCs and proliferation of both ASCs and HOBs comparable 
to that observed on the TCP/HA clinical standard for synthetic ceramic scaffolds. Low levels of bioavailable 
Fe were found, removing concerns about potential toxicity from the metallic CNT-growth-catalyst 
particles. 
The development of these scaffolds offer methods useful to other branches of materials science. Owing to 
their high surface area, electronic conductivity and chemical/mechanical stability, CNTs have promising 
applications for energy conversion and storage. The method developed herein allow synthesis of CNTs 
over porous scaffolds, and may translate to the development of batteries, catalysts, electrodes, and gas 
adsorption/storage.221,222
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Chapter 3: 
3 Effect of Aligned CNT Nanofeatures on Cell 
Shape and Differentiation 
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3.1 Introduction 
The synthesis and testing of the 3D CNT scaffolds followed a top-down approach to bone tissue 
engineering. This looked to fulfil well defined specifications of a synthetic bone tissue scaffold including 
requirements such as a high strength, porosity, biocompatibility and large surface areas. Unfortunately, 
such top-down approaches typically offer little insight as to the fundamental behaviours of a system. This 
is particularly debilitating for the use of nanomaterials, where fundamental insights into the effects of 
changing nanoproperties are still largely unexplored. In an effort to further understand the potential of 
CNT materials in tissue engineering and their regulation of stem cell fate, we altered our approach from 
top-down to bottom-up. We studied a simplified system looking at the effects of alignment within CNT 
surface coatings – or nanotopography. This mirrored a property present in the 3D CNT scaffolds prepared 
in chapter 2, that were coated with vertically aligned CNTs. 
This expands upon previous literature in the field looking at the effects of altered nanotopography on cell 
proliferation and differentiation. As mentioned within chapter 1 under section 1.2, nanotopographies can 
be used as a means to alter cell behaviour. Specifically, differing the topography of a biomaterial is believed 
to alter the mechanotransductive signalling of cells cultured on such surfaces. Topographies can be used 
to confine cells to small round shapes can restrict cell spreading thereby lowering intracellular stress and 
promoting adipogenic behaviours, or alternatively topographies with large elongated features can promote 
cell spreading and large cell areas with elongated cell shapes and higher intracellular stress that favour 
osteogenic behaviour.14,17 This is appealing in the field of tissue engineering where topographical surface 
modifications offer a simple and cost-effective alternative to traditional differentiation techniques that 
would otherwise require growth factors or other biochemicals that are relatively unstable and expensive. 
One such topographic modification is the use of aligned nanofeatures. Numerous previous reports 
demonstrate alignment of extracellular nanofeatures corresponds with alignment of cell cultured over 
such environments as well as elongation of cell shape. 25,26,223–226  Similar to confinement effects, 
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topographically induced aligned and elongated cells experience altered mechanotransductive signalling, 
including integrin clustering, cytoskeletal organization and altered intracellular forces.16 It is suggested that 
aligned topographies promote cell spreading and elongation through contact guidance effects – where 
continuous aligned features passively bias anisotropic cell spreading.17,227 Stem cells spread over 
environments with aligned anisotropies favour osteogenic and myogenic lineages.159,224,225 
Despite the potential of surface topography to guide cell differentiation, the relationship between 
topography and stem cell fate is still poorly understood. This includes the complex force dependent 
mechanotransductive pathways that link a cell’s environment to its transcriptional machinery, as well as 
the environmental cues that initiate these forces. A deeper understanding of the relationship between these 
properties will allow for the rational design of material surfaces capable of directing cell shape and 
differentiation. To this end, this chapter explores the dynamic relationship between alignment of 
topography, cell shape and cell differentiation. We use primary human adipose-derived stem cells (ASCs) 
cultured on glass surfaces coated with nanotopographies fabricated with CNTs of random and aligned 
nanostructures. To understand how different topography alters cell shape, we use fluorescent time-lapse 
imaging over 21 days, subsequently comparing shape metrics between the different topographies. While 
previous literature has quantified cell shape at discrete time points, ours is the first to quantitatively report 
cell morphologies in response to differing topographies across long time periods. This analysis offers 
insights into the relationship between topography, cell shape and cell differentiation. 
3.2 Fabrication of 2D CNT Substrates 
Substrates with aligned and random nanotopographies were fabricated by coating the surface of glass 
coverslips with carbon nanotubes – see Figure 42 for scanning electron micrograph of nanostructures. 
Aligned topographies were fabricated by coating glass coverslips with CNTs from a drawable forest of 
aligned CNTs. An aligned drawable CNT forest was provided by Joselito Razal and Raquel Ovalle-Robles 
as fabricated from University of Texas at Dallas (left image Figure 40).117 These forests of ACNTs were 
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synthesised via two-step CVD process using ferrocene coated silicon wafers and an acetylene carbon 
source. Self-supporting CNT sheets were dry drawn directly from the aligned forest. These self-supporting 
MWCNT sheets are formed as a highly anisotropic aerogel continuously and can be than can be densified 
into strong sheets that are as thin as 50 nm (Figure 40). These continuous CNT sheets have an areal density 
of about 2.7 µg/cm2 and have no fundamental limit on sheet width or length (Figure 41). These CNT sheets 
were then directly deposited onto an 18 mm circular borosilicate glass coverslip. Propanol was then 
dripped over the CNT sheet, densifying and adhering them on the coverslips due to capillary forces. To 
create substrates with random nanotopography, CNTs were removed from the drawable forest and 
dispersed into a solution of propanol with 0.1 wt % polyvinylpyrrolidone and bath sonicated. Following 
sonication 160 µL of this solution was pipetted onto coverslip surfaces and dried in a vacuum oven. To 
remove PVP and carbonaceous impurities from the coverslips, substrates of both types of 
nanotopographies as well as uncoated coverslip controls were placed in an oven and oxidized at 400 ˚C 
for 2 hours and then pyrolysed in argon at 600 ˚C overnight. 
 
Figure 40: The left hand image show a silicon wafer coated with a spinnable forest of black VACNTs. A self-supporting mat of CNTs has 
been stretched from the right hand edge of the CNT forest and is attached to the end of a glass Pasteur pipette. Scale bar at left is 10 mm. 
The right hand image shows a SEM micrograph complete of the same forest showing the entangled mat of self-supporting CNTs being 
pulled away from the forest. Scale bar at right is 20 µm. 
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Figure 41 Shows the fabrication scheme of CNT coated coverslips with aligned drawable forest of CNTs. The procedure for both random, 
aligned and flat topographies is shown. 
 
Figure 42: Scanning electron micrographs of uncoated glass coverslip or flat topography, random topography and aligned topography. 
The alignment of the nanotopography in aligned substrates is horizontal across the page – scale bars 1 µm. 
Nunc 24-well plates were milled with an 18 mm end mill to remove the base of the culture wells (recess 
left from milling well plates shown in Figure 43 A). Coverslips were placed in the recess left by the mill and 
glued in place using Sylgard 184 (Dow Corning) and left to cure for 3 days. Following this period, the well 
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plates were washed and soaked with sterile deionized water overnight to ensure any uncured solution was 
removed. 
 
Figure 43: Fabrication of custom well plates for long-term live-imaging of LifeAct transduced ASCs. A) The base of the well was milled 
with an 18 mm end mill to remove all plastic and create a recess for B) 18 mm coverslips to be fitted. Coverslips at left of panel B are 
coated with aligned CNT and those at right are coated with randomly aligned CNTs. 
The areal density of random substrates was matched to that of aligned substrates through calibration of 
absorbance (Figure 44). Absorbance through aligned and random substrate types, measured using a 
NanoDrop 1000 (Thermo Scientific), was found to be equivalent when a CNT solution of 31.3 µg mL-1 was 
used. This equates to an areal density of 2.7 µg cm-2 – a result comparable to previously reported values for 
sheets pulled from drawable aligned forests117. All subsequent random substrates were prepared as 
described above with a coating of CNT solution at 31.3 µg mL-1. All coverslip control surfaces including 
uncoated and coated glass were treated with vacuum oven, oxidation and pyrolysis treatments described 
above. Prior to experimentation all surfaces were sterilised with immersed in 70% ethanol overnight. 
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Figure 44: Absorbance of visible light through random coated substrates at varying concentration as compared to aligned coated 
substrates (left). Averaging results and plotting the absorbance at 350 nm against concentration of random topographies (or random 
carbon nanotubes (RCNT)) shows comparable areal density to aligned topographies (or aligned carbon nanotubes (ACNT)) coating at 
31.3 µg mL-1 (right) 
The diameter of the CNTs on substrates with both aligned and random nanotopographies was compared 
to ensure mixing, dispersion, sonication, and coating processing had not altered the dimensionality of CNT 
populations between substrate types. Figure 45 shows histograms of the diameter of CNTs over aligned 
and random substrates where the mean diameter of 26.38 nm and 25.13 nm was comparable over aligned 
and random substrate types, respectively. 
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Figure 45: Histograms of diameters of (left) aligned carbon nanotubes (ACNT) and (right) random carbon nanotubes (RCNTs). 
Comparing groups: P < 0.30; unpaired two sample Student’s t-test comparing diameters measured with SEM. 
To further ensure that differences in processing of the CNTs prior to coating the substrates didn’t alter 
chemical properties, the wettability of the random and aligned carbon nanotube substrates was compared 
with measurements of water contact angle – shown in Figure 46 A (random CNTs) and B (aligned CNTs) 
with 2 µL water droplet (measured using a contact angle goniometer, VCA2000 (AST Inc.)). Substrates 
were comparable (Figure 46 C) with mean contact angle of 89.143 (SD = 2.113, n = 8) for aligned 
topographies and 90.015 (SD = 4.017, n = 8) for random topographies; P = 0.58 (unpaired two sample 
Student’s t-test). 
Additionally, the electrical properties of the different topographies were compared. The sheet resistance 
of the substrates was measured using the 4-point probe / Keithley SCS-4200 (Figure 46 D). Mean sheet 
resistance of 2997 Ω sq-1 was measured for aligned topographies as compared to 3111 Ω sq-1 for random 
topographies; P = 0.84 (unpaired two sample Student’s t-test) 
 
 95 
 
Figure 46: Measurements of water contact angle is shown in panels A and B with 2 µL water droplet over random and aligned 
topographies. Water contact angle data is summarized in panel C comparing random and aligned topographies. Panel D compares the 
sheet resistance of the substrates measured using a 4-point probe. 
CNT quality was assessed using room temperature Raman spectroscopy and TEM. A shows a Raman 
spectrum characteristic to those pulled from the spinnable CNT forest. All samples showed sharp peaks 
characteristic of multiwalled CNTs at ~ 1350 cm-1 (D band), ~ 1580 cm-1 (G band) and at ~ 2700 cm-1 (G’ 
band).  
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Figure 47: A) Representative Raman spectrograph on spinnable MWCNTs. All samples showed sharp peaks characteristic of multiwalled 
CNTs at ~ 1350 cm-1 (D band), ~ 1580 cm-1 (G band) and at ~ 2700 cm-1 (G’ band). B) Shows a representative TEM micrograph revealing 
characteristic multiwalled-CNT morphology. Notably the structures have high aspect ratios and a tubular structure. Both analysis 
techniques indicate that the carbon is graphitic rather than amorphous or sp3 hybridisation that can be indicated by a non tubular fibrous 
structure. Scale bar 100 nm. 
The relative heights of the graphitic-structure-derived G-band and the defect-derived D-band, or IG/ID 
ratio, of ~ 2.5 indicated a high crystal purity and low defect concentration of the CNTs. B shows a 
representative TEM micrograph revealing characteristic multiwalled-CNT morphology. Notably the 
structures have high aspect ratios and a tubular structure – indicating that the carbon is graphitic. 
The above characterisation techniques showed that while the topography of the substrates differed, the 
substrates had comparable nanodimensionality, wettability and electrical properties. Further the CNTs 
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were of a high quality. Given this, we were confident we were comparing the effects of different 
topographies created with alignment of CNTs. 
3.3 In Vitro Response to Aligned CNT Topographies 
As discussed in the introduction of this chapter, section 3.1, the topography of the surface over which cells 
are grown can change differentiation of stem cells. Topographies that confine cells to small round shapes 
restrict cell spreading thereby lowering intracellular stress and promoting adipogenic behaviours, or 
alternatively, topographies that promote cell spreading with elongated cell shapes and higher intracellular 
stress that favour osteogenic behaviour.14,17 Given these relationships we wished to further investigate the 
relationship between cell differentiation, cell shape and surface topography. We reasoned that if CNTs 
could be used to guide cell spreading and alter cell shape, we could induce differentiation effects. 
Following characterisation of material properties of the different CNT coated surfaces, we investigated the 
in vitro behaviour of the different topographies. Testing was completed as describe above in section 2.4. 
For all studies ASCs were cultured at a density of 10,000 cells cm-2 in standard conditions. 
3.3.1 Confirming Osteogenic Potential of ASCs 
We analysed epigenetic changes with the use of polymerase chain reaction or PCR. Quantitative real-time 
polymerase chain reaction is one variant of PCR that can be used to quantitatively measure gene expression 
through amplification and binding of RNA with fluorescent dyes. qRT-PCR was used to evaluate expression 
of mRNA over the different substrates. Total RNA was isolated using Trizol (Sigma-Aldrich, USA) and 
purified with a RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. First-strand cDNA 
was synthesized from 1 µg of RNA using a Tero cDNA synthesis kit (Bioline) according to the 
manufacturer’s instructions. Osteogenic genes, including 18S, OPN, RUNX2, COL1A1, ALP,  and BMP2  
were amplified in 20 µL volume per reaction including 10 µl of SYBR green real-time PCR master mix 
(Applied Biosystems), 0.5 µl for each forward and reverse primer (final concentration of 1 µM), 4 µl of 
DNase/RNase-free distilled water (Gibco) and 100 ng of cDNA in 5µl and analyzed using a Rotor-gene 
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6000 (Corbett Life Science). To evaluate the expression of the myogenic genes β2M , RPL13A, DES, PAX7, 
MYH2, MYF5  and MYOD1 , a total of 20 ng of cDNA for each experimental condition (flat, random and 
aligned topographies) was performed on Mx3000P qPCR detention system (Stratagene). cDNA was 
amplified in a 15 µL volume per reaction including 7.5 µl of SYBR green real-time PCR master mix (Applied 
Biosystems), 0.15 µl for each forward and reverse primer (final concentration of 1 µM), 2.2 µl of 
DNase/RNase-free distilled water (Gibco) and 5µl of cDNA sample. All reactions were performed in 
triplicate. Melting curves were generated for each real-time RT-PCR to verify the specificity of each PCR 
reaction. Relative gene expression was the calculated using the ΔΔCT method normalized with the house-
keeping genes 18S for osteogenic markers and β2M  and RPL13A  for myogenic markers. For osteogenic 
expression samples were calibrated to flat topography coverslip control group, where for myogenic 
markers samples were calibrated against reference human cDNA derived from mRNA extracted from 
different human tissues – providing broad gene coverage (Clontech). Primer sequences are shown below 
in Table 1 – note the inclusion of primer sequences used for myogenic differentiation that is reported on 
below. 
Table 1: Primers used for Real-Time Polymerase Chain Reaction 
Primer  Sequence (5’- 3’) 
 Melting 
Temperature (°C) 
18S F GTAACCCGTTGAACCCCATT 60 
  R CCATCCAATCGGTAGTAGCG   
OPN F TTCCAAGTAAGTCCAACGAAAG 60 
  R GTGACCAGTTCATCAGATTCAT   
RUNX2 F ATGCTTCATTCGCCTCAC 60 
  R ACTGCTTGCAGCCTTAAAT   
COL1A1 F ATCTCCTGGTGCTGATGGAC 60 
  R GCCTCTTTCTCCTCTCTGACC 
ALP F CGTGGCTAAGAATGTCATCATGTT 60 
  R AGGGGAACTTGTCCATCTCC   
BMP2 F AGTTGCGGCTGCTCAGCATGTT 60 
  R CCGGGTTGTTTTCCCACT   
PAX7 F ACAAGAGGGAAAACCCAGGC 60 
  R CGCGGCTAATCGAACTCACT   
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MYF5 F CGCCTGAAGAAGGTCAACCA 60 
  R TGTAGCGGATGGCATTCCTG   
MYOD1 F ATGACGACCCGTGTTTCGAC 60 
  R AGTGCTCTTCGGGTTTCAGG   
MYH2 F TACTGCACACCCAGAACACC 60 
  R TTTTCTTCTGCATTGCGGGC   
DES F GAGACCATCGCGGCTAAGAA 60 
  R GGGCGTCGTTGTTCTTGTTG   
18S, 18S ribosomal RNA; OPN, osteopontin; Runx2, runt-related transcription factor 2; Col1A, 
Collagen 1A; ALP, alkaline phosphatase; BMP2, bone morphogenetic protein 2; PAX7, paired 
box protein 7; MYF5, myogenic factor 5; MYOD1, myogenic differentiation 1; MYH2, myosin 
heavy chain 2; DES, Desmin protein 
 
The potential for ASC differentiation towards the osteogenic lineage was confirmed in a pro-osteogenic 
media defined as expansion media supplemented with ascorbic acid-2 phosphate (50 µg mL-1), β-
glycerophosphate (10 mM) and dexamethasone (10 nM)). Figure 48 shows RT-qPCR and Alizarin Red 
staining in ASCs cultured in expansion or osteogenic media. Panels B and C compare red stained calcific 
deposits of osteogenic and expansion media respectively. The prominence of red staining is far higher for 
osteogenic media. Panel A shows RT-qPCR results comparing expression of the osteogenic markers ALP, 
COL1A1, OPN, RUNX2 and BMP2. At 21 days the expression of COL1A1 and OPN is significantly higher for 
osteogenic media. Together these results confirm the positive differentiation function of the osteogenic 
media when used to drive osteogenesis of ASCs. 
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Figure 48: A) RT-qPCR results for osteogenic gene expression of pro-osteogenic media. ASCs were cultured in expansion media: αMEM, 
10% FCS and 1% pen/strep or an osteogenic media with pro-osteogenic factors: expansion media supplemented with ascorbic acid-2 
phosphate (50 µg mL-1), ß-glycerophosphate (10 mM) and dexamethasone (10 nM)). * shows significance compared to expansion 
media; P < 0.05 (unpaired two sample Student’s t-test). Alizarin red staining of ASCs cultured in B) osteogenic and C) expansion media 
(scale bar 100 µm) 
3.3.2 Effect of CNT Nanotopography on ASCs Differentiation 
We then examined the effects of different CNT topographies on ASC differentiation using qRT-PCR 
(Figure 49). As a positive control for osteogenesis, ASCs were cultured on flat topography glass coverslips 
in osteogenic media – see Figure 48, referred to as ‘flat-osteo’ topographies. Relative to flat topographies, 
flat-osteo conditions show significant upregulation of mRNA expression levels for osteopontin (OPN) and 
runt related transcription factor 2 (RUNX2) at both 14 and 21 days as well as alkaline phosphatase (ALP) 
at 14 days. Collagen, type 1, alpha 1 (COL1A1) was upregulated at day 21. In contrast, osteogenic gene 
expression is not altered when ASCs were cultured on flat, random and aligned topographies at either 14 
or 21 days.   
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Figure 49: Osteogenic characterization of ASCs grown over flat, flat-osteo, random and aligned topographies. qRT-PCR results for 
osteogenic gene expression including alkaline phosphatase (ALP), collagen, type 1, alpha 1 (COL1A1), osteopontin (OPN) and runt 
related transcription factor 2 (RUNX2) and bone morphogenetic protein 2 (BMP2) was calculated using the ∆∆CT method and is shown 
as the log2 fold change relative to flat topographies. Osteogenic gene expression is upregulated comparing flat and flat-osteo conditions. 
Otherwise no significant or consistent trend is observed between topographies. (*shows statistical significance to flat topographies, P < 
0.05; + shows statistical significance between topographies, P < 0.05; unpaired two sample Student’s t-test comparing ∆CT values is used 
throughout).  
We then compared the effects of nanotopographical alignment on the mineralization of the cells with 
alizarin red staining following 21-day of culture (Figure 50). Relative to all other topographies ASCs 
cultured on flat-osteo show prominent red stained calcific deposits. In agreement with the qRT-PCR 
results, neither flat, random or aligned topographies alter mineral deposition when comparable to flat-
osteo conditions at day 21. 
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Figure 50: Representative micrographs of Alizarin Red staining of ASCs grown over flat, flat-osteo, random and aligned topographies. Red 
stained calcific deposits are prominent for flat-osteo topographies (Scale bars 100 µm). Bar graph at right shows quantitative analysis of 
images – the normalised mean red saturation divided by brightness (total saturation) of an image. Flat-osteo and HOBs cultured on 
coverslip conditions show significant increases when compared to other conditions. 
From these experiments we concluded that topographic features created with dry spun CNTs coated over 
glass cover slips did not alter the osteogenic differentiation of ACSs. Given the well-established potential 
for surface topography to direct stem cell fate and the morphological similarity between cells cultured over 
aligned topographies and those of myogenic lineage, we hypothesized that differentiation steers towards a 
myogenic fate – a result that has been demonstrated for aligned topographies and mesenchymal stem cells 
(MSCs).[9,10,25–27] We extended qRT-PCR analysis to examine the myogenic markers Desmin (DES), paired 
box 7 (PAX7), myosin heavy chain 2 (MYH2), myogenic factor 5 (MYF5) and myogenic differentiation 1 
(MYOD1) as reported elsewhere (Figure 51).228,229 
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Figure 51: Myogenic expression over different topographies – qRT-PCR results for ASCs grown over flat, random and aligned 
topographies. Relative expression of Desmin (DES), paired box 7 (PAX7), myosin heavy chain 2 (MYH2), myogenic factor 5 (MYF5) and 
myogenic differentiation 1 (MYOD1) was calculated using the ∆∆CT method and is shown as the log10 fold change relative to flat 
topographies. Myogenic marker PAX7 is upregulated at 14 and 21 days from both random and aligned topographies compared to flat 
topographies. Aligned topography shows further upregulation of MYF5 at day 14 and both DES and MYF5 at day 21. MYOD1 is 
significantly down regulated at 14 and 21 days for aligned topographies. (lines statistical significance between flat topographies, P < 0.05; 
unpaired two sample Student’s t-test comparing ∆CT values is used throughout). 
Relative to other topographies, aligned topographies showed significant downregulation of MYOD1 and 
upregulation of markers PAX7 and MYF5 at 14 and 21 days. Further, expression of PAX7 was significantly 
upregulated for random topographies at 14 and 21 days. 
3.3.3 Transduction of ASCs with LifeAct 
Cell shape parameters were obtained using fluorescent imaging of ASCs stably expressing LifeAct-GFP (an 
17-amino-acide peptide that stains F-actin without interfering with actin dynamics - kind gift from R. 
Wedlich-Söldner, University of Münster, Germany).230 Cells were infected by diluting virus (typical viral 
titer 1 × 105PFU/ml) in infection media (RPMI, ABM, 2% FBS) and adding to cells. Culture media was 
removed and replaced with the diluted virus in a minimum volume required to cover the cell monolayer. 
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To minimize the chance of a spill as well as to conserve the viral material, the minimum volume method 
was used. The dishes were returned to 37° C, 5% CO2 for 1 hour with gentle rocking every 15 minutes to 
distribute the diluted virus across the monolayer. At the completion of the overnight infection period, 
diluted virus was removed if desired and complete media was added to the culture (RPMI, ABM, 10% FBS). 
Transduction was confirmed with fluorescent imaging and flow cytometry (Figure 52). Subsequent to 
transduction, cells were sorted for GFP on a BD Influx flow cytometer and then expanded following 
standard protocols prior to use in experiments. GFP-LifeAct was excited using the 488 nm laser and 
collected in the B430/30 channel; Data was analyzed with FlowJo software. 
3.3.3.1 Flow Cytometery Analysis of the Transduced ASCs 
Transduced and non-transduced ASCs were collected by trypsin/EDTA digestion, washed twice with 
fluorescence-activated cell sorting buffer (2% fetal calf serum, 2 mM EDTA and 0.02 % sodium azide in 
PBS) and incubated with 0.5 µg ml-1 4,6-diamidino-2-phenylindole (Molecular Probes, Thermo Fisher 
Scientific) for exclusion of dead cells. A total of 20,000 events for each population of ASCs were collected 
on a BD Biosciences Fortessa flow cytometer. GFP-Lifeact was excited using the 488 nm laser and collected 
in the B430/30 channel; Data was analyzed with FlowJo software. 
 
Figure 52: Left) Histogram of flow cytometry data showing ~26% ASCs expressing LifeAct-GFP. Right shows fluorescent imaging of ASCs 
following transduction with LifeAct-GFP. 
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From imaging and flow cytometry it was clear that transduction was successful with 26% efficiency. 
Transduced cells were sorted and expanded for downstream use in live-imaging experiments. 
3.3.4 Effect of Aligned CNT Topographies on Cell Shape 
The shape of cells changes to reflect cell function and thus cell differentiation. That is, cell form follows 
function and their function follows their form – i.e. fat cells become round as to maximise the fat they can 
store, and muscle cells are elongated and aligned such that actomyosin fibres align and contract in unison 
(see section 1.2 for more details regarding cell shape and differentiation). 
To complete shape analysis during spreading and cell maturation, time-lapse imaging was completed using 
ASCs expressing LifeAct-GFP with the live-cell imaging equipment IncuCyte ZOOM (Essen Bioscience). 
X100 times magnification was used with auto-brightness and contrast settings as to avoid over exposure 
and image saturation. Green fluorescence LifeAct-GFP was captured with the standard green filter set of 
the IncuCyte ZOOM. ASCs stably expressing LifeAct-GFP and CAAX-mCherry were used at passage 5 at a 
density of 10,000 cells cm-2. These cells were diluted with wild type ASCs (3:1) to minimize the the chances 
of overlapping cells and thus poor image segmentation and extraction of cell shape parameters. Images 
were taken over the course of 21 days. To better capture the relatively fast process of adhesion the 
frequency at which images were taken was altered throughout the 21-day period of imaging. During the 
first 6 hours of the experiment (0 to 6 hour) images were captured every 10 minutes. From 6 to 96 hours 
(4 days) images were captured every 15 minutes. From 96 to 504 hours (or 4 to 21 days), images were 
captured every 1 hour. Images were taken across 5 different conditions. This included the 4 different 
substrate types with flat topography untreated coverslip and complete expansion media, random 
nanotopography, aligned nanotopography and flat untreated coverslip with osteogenic media (flat-osteo). 
The experiment was run in duplicate with 4 locations imaged over each substrate. 
 106 
3.3.4.1 Image Segmentation 
To characterize cell shape in an unbiased fashion, time-lapse microscopy data was processed using 
CellProfiler analysis software. Image processing pipeline is shown below in Table 2. 
Table 2: Image processing pipeline 
Process Notes 
Original Image Green fluorescent channel (LifeAct-GFP) taken from Incucyte 
ZOOM, encoded 16-bit, ‘.tif’, RGB to maximize quality 
ColorToGray Creates grayscale image – converted for downstream thresholding 
and segmentation 
RescaleIntensity Image intensity rescaled (divide by image maximum) for consistent 
thresholding and segmentation 
EnhanceOrSupressFeatures Suppression of features sizes lower than 3 pixels. Removes speckles. 
Smooth Smooth features with Gaussian filter 3 pixels 
CorrectIllumination Calculate Calculates and corrects image for illumination artifacts, calculated for 
each image from the background using splines method with 
automatically calculated spline parameters 
RescaleIntensity Image intensity rescaled (divide by image maximum) for consistent 
thresholding and segmentation 
ImageMath Illumination function calculated above is subtracted from the image, 
values less than 0 are set to 0. 
IdentifyPrimaryObjects  Segmentation process was completed using maximum correlation 
thresholding (MCT) with an adaptive window. 
Specifically the following parameters were set: 
Cells outside of the diameter range: 20 < diameter < 4000 are rejected 
Cells touching the border are rejected 
Adaptive MCT thresholding was used with automatic smoothing and 
a threshold correction value of 0.7 
An adaptive window size was set to 400 pixels 
Objects were separated set by ther intensity 
With a declumping smoothing filter size of 10 pixels 
Declumping was suppressed if local maxima were less than 15 pixels 
Image was not downsized from declumping 
MeasureObjectSizeShape Object shape parameters we measured 
SaveImages Grayscale images of objects (each object a different intensity) were 
saved for processing. 
ExportToSpreadsheet Object shape parameters we extracted into a spreadsheet. 
 
An example of an image before and post segmentation is shown in Figure 53. For all segmented objects in 
an image, the CellProfiler Module ‘MeasureObjectSizeShape’ was used to extract metrics on cell area and 
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shape – see Table 4 for more information, or alternatively information on these metrics can be found a the 
CellProfiler website: http://www.cellprofiler.org/CPmanual/MeasureObjectSizeShape.html. 
 
Figure 53: left shows fluorescent imaging of ASCs following transduction with LifeAct-GFP. Image at right shows segmentation as applied 
by CellProfiler software. 
Extracted shape metrics were then imported into MATLAB R2015b where data for all objects from the 
same substrate and time but different fields of view were combined (time series plots in Figure 57 – Code 
for this analysis is included in Appendix 4A). Using a hampel filter, the quality and focus of each image was 
assessed prior to further analysis. The hampel filters was set to compute the median and standard 
deviation of a window composed of 10 adjacent data point (5 on either side). Data from images was 
rejected if the number of cells differed from the median of more than 5 standard deviations. Consequently, 
gaps in the data can be observed were the microscope was unable to focus (see Figure 54). 
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Figure 54: example of out of focus image and respective segmentation as applied by CellProfiler 
3.3.4.2 Method Validation 
To validate that image analysis could be automated we compared data which had been manually selected 
to that obtained from automated image analysis. Fitting the dynamic cell area to a power law model 𝑎𝑟𝑒𝑎 = 𝛼0 ∙ 𝑡𝑖𝑚𝑒<=,	 as previously developed,231 we determined the probability that the data sets were 
equal using a F-test (cell shape metrics extracted from CellProfiler with code as per Appendix 3A were 
compared using an F-test (code available in Appendix 3B) – as to compare two non linear sets of data). 
Initial comparison suggested that the null hypothesis was false (p ~ 0); and automated selection of cell 
masks can not be used to replace selection done manually (see Figure 55 Ai-Di, with F-scores can be found 
in Table 3). However, inspection of the two data sets suggests a high degree of correlation between 
∆Area/∆time. Further, data from automated analysis yielded consistently lower values relative to data 
manually selected. To correct for this difference, we calculated a constant the correction factor (CF) using 
least square method: 0 = ( 𝐴𝑟𝑒𝑎@%A-%$ − 𝐶𝐹×𝐴𝑟𝑒𝑎E-FG,%F#' HF),#4F),#IJKF),#4L . Scaling data obtained 
through automated selection by the correction factor constant observed that the two sets of data closely 
fit each other (Figure 55 Aii-Dii). Further evaluation of the data with a F-test demonstrated that the null 
hypothesis was true (P ~ 1); and both automated and manually selected data sets can be modelled with 
one equation. Using the same methods we completed analysis comparing the other metrics used herein. 
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Table 3 lists the models, coefficients of trend line fits, F-scores and p-values obtained when comparing 
metrics between manually and automatically segmented images. Note that the model for circularity (	=
𝛼2 ∙ 𝑡𝑖𝑚𝑒(𝛽1−2∙𝛽1∙𝛽2)) was developed through substitution and simplification of the area (	= 𝛼0 ∙ 𝑡𝑖𝑚𝑒<=) and 
perimeter (	= 	 𝛼P#"),#F#" ∙ 𝑡𝑖𝑚𝑒<Q) – developed elsewhere231 – into the expression for circularity 4π 
Area/Perimeter2. 
 
Figure 55: Comparison of time series plots showing various cell shape parameters of cells for manual selected, automated selection and 
automated selection scaled by the correction factor. 
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Table 3: F-test coefficients and scores for time series plots in Figure 55 
Data Model Co-efficient  F-score p-value 
Area             
Manual  𝛼0 ∙ 𝑡𝑖𝑚𝑒<=  a = 3543 b = 0.164       
Automated    a = 2356 b = 0.174       
Manual + Automated    a = 2950 b = 0.168   317.7 0 
CF*Automated    a = 3489 b = 0.174       
Manual + CF*Automated    a = 3516 b = 0.169   0.663 0.999 
Circularity             
Manual  𝛼H ∙ 𝑡𝑖𝑚𝑒(<=/H<=<Q) a = 0.528 b1 = 0.030 b2 = 0.9783     
Automated    a = 0.473 b1 = 0.261 b2 = 0.5675     
Manual + Automated    a = 0.501 b1 = 0.146 b2 = 0.6093 55.08 0 
CF*Automated    a = 0.478 b1 = 0.139 b2 = 0.6042     
Manual + CF*Automated    a = 0.476 b1 = 1.009 b2 = 0.5159 0.361 1 
Major Axis             
Manual  𝛼R ∙ 𝑡𝑖𝑚𝑒<S  a = 105.9 b = 0.061       
Automated    a = 75.06 b = 0.032       
Manual + Automated    a = 90.48 b = 0.049   448.0 0 
CF*Automated    a = 104.2 b = 0.032       
Manual + CF*Automated    a = 105.1 b = 0.047   0.286 1 
Minor Axis             
Manual  𝛼T ∙ 𝑡𝑖𝑚𝑒<U  a = 47.19 b = 0.095       
Automated    a = 37.16 b = 0.106       
Manual + Automated    a = 42.18 b = 0.100   381.8 0 
CF*Automated    a = 47.41 b = 0.106       
Manual + CF*Automated    a = 47.30 b = 0.101   0.535 1 
 
3.3.4.3 Analysis of 21-day Data Set 
Using the approach described above, we directly measured cell shape over 21 days using fluorescent time-
lapse imaging (Incucyte ZOOM). Micrographs of the LifeAct-GFP channel shows representative snapshots 
at 0.5, 3 and 16 days over different topographies during this time period (Figure 56).  
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Figure 56: Representative images of flat, flat-osteo, random and aligned topographies at 0.5, 3 and 16 day time points (scale bars 100 µm). 
Inspection of Figure 56 reveals differences between topographies. Cells on flat, flat-osteo and random 
topographies do not show preference in their orientation, whereas those on aligned topographies align 
with the topographies. We quantitated these differences, examining the effect that topographical cues 
impart to the shape of ASCs with the cell shape metrics of cell area, circularity, major axis and minor axis. 
We defined circularity of a cell as the scaled ratio of it’s area and perimeter – equal to 4π Area/Perimeter2; 
equal to 1 for a perfectly circular object and decreases to 0 for shapes with an increasing perimeter for a 
given area. The major and minor axis of the cell are respectively defined as the longest and shortest axis of 
the smallest ellipse that completely encloses a cell, representing a cell’s approximate length and width (See  
Table 4). These metrics are known to relate to cell morphology of the myogenic and osteogenic 
phenotypes – myogenic cells with large major axes and a relatively small minor axis,13,14,232  and osteogenic 
cells with large areas and major axis.13 
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Table 4: Definitions of cell shape parameters 
Cell Area We express cell area as the two-dimensional space filled by a given cell in µm2 
Circularity Circularity of a cell as the scaled ratio of it’s area and perimeter – equal to 4π 
Area/Perimeter2; equal to 1 for a perfectly circular object and decreases towards 0 
for shapes with increasing perimeter for a given area.  
Major Axis The major axis of the cell is the longest axis of the smallest ellipse that completely 
encloses a cell. 
Minor Axis The minor axis of the cell is the shortest axis of the smallest ellipse that completely 
encloses a cell. 
 
After confirming the validity of the analysis technique, plots comparing cell area, circularity, major axis and 
minor axis were created (Figure 57). This reveals general trends seen in cell shape over the 21-day culture 
period. There is an increase in cell area and major/minor axis for all topographies from 0 to 1 day. This 
attachment behaviour reflects the time series plot of cell circularity in Figure 57. Cells are initially circular 
but quickly spread and consequently lose their circularity; thereafter, circularity remains constant. The cell 
shape of ASCs cultured over random topographies is the most dissimilar to other topographies. The ratio 
of the mean area, circularity and major/minor axis value between any two topographies is furthest from 
unity when comparing with random topographies. 
The underlying topography dictates the area of ASCs. The time taken for cell area to vary between all pairs 
of given topographies is 1.5 hours (for information on analysis see section 3.3.4.4, Figure 58 and Table 5). 
Comparing conditions with similar media, cells cultured on aligned topographies had the largest area. Flat 
topographies supported the second smallest cell area and random topography supported the smallest cell 
area over the course of the experiment (see discussion on effect of contact guidance below). 
Osteogenic media altered cell shape. Comparing cell area between flat and flat-osteo topographies 
demonstrates that osteogenic differentiation increases cell area. The addition of osteogenic media to flat 
topographies regulates cells shape to support larger areas. Comparing the major axis length of flat-osteo 
and flat topographies reveals these metrics are comparable from 4.5 through to 21 days (for information on 
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analysis see section 3.3.4.4, Figure 58 and Table 5). This suggests that ASCs under osteogenic differentiation 
increase cell area by spreading in all directions and not along one axis – flat-osteo topographies having 
both the largest average area and the largest average minor axis. 
Further, cells cultured on random topography were the most circular when compared to flat, aligned and 
random topographies. Cells on flat and flat-osteo topographies have comparable circularity throughout 
(for information on analysis see section 3.3.4.4, Figure 58 and Table 5). Cells on aligned topographies 
generally have the lowest circularity during the 21 days of culture, this reflects the features of the underlying 
topography and their resulting elongated shape with large major axis and small minor axis. 
ASCs cultured on aligned topographies have an elongated shape supporting the largest mean major axis 
length. This shape reflects features of the underlying aligned topography which may promote directed 
elongation through contact guidance effects.227 Addition support for this behaviour is observed through 
the inability of random topographies to support large area or major axis lengths. Random topographies 
lack organized features that promote directed elongation through contact guidance effects.   
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Figure 57: Cell shape analysis between different topographies – showing the cell shape metrics for 21 d culture of ASCs over flat, flat-
osteo, random and aligned topographies. The shape metrics area, circularity, major axis length and minor axis length are taken from 
image analysis 
3.3.4.4 Equivalence Between Shape Parameter for Topographies at Arbitrary 
Times 
Further, given that all cells begun with a similar non adherent circular shape, we examined the time taken 
for cell shape to become dissimilar between different topographies. To obtain these values we truncated 
our data to cover short subsets of the time series beginning at t = 0 days, and ending at t = x days. As per 
the above analysis, we fit cell shape metrics to power law models or otherwise and used a F-test to 
determine the probability that the data could be from the same data set (P > 0.05). We then increased the 
time x until P < 0.05. The last time at which P > 0.05 is reported as the time at which cell shape is similar. 
We iterated this process over all possible comparisons of time segments and topography type – see 
appendix 4C for relevant code. Figure 58 below shows the comparisons for time segments over which 
different topographies were statistically the same. 
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Figure 58: F-tests comparing time series plots of different topographies for short segments of data. Assumes short segments can be fit 
with a linear model. 
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Table 5 summarizes this data and relevant code is included in Appendix 4C. 
Table 5: Shows the number of hours taken for cell shape to be dissimilar when attaching on different topographies and spreading from an 
initial unattached round state. Different columns compare flat/flat-osteo, flat/aligned, random/flat, and aligned/random for the different 
cell shape parameters area, circularity, major axis and minor axis. 
 
 
3.3.5 Effect of Aligned Nanotopography on ASC Alignment 
Alignment of extracellular nanofeatures can induce and alignment of cells cultured over such 
environments.25,26,223–226 In the case of some extracellular tissues, such features would prove to be 
particularly useful – such as in the case of muscle. Alignment of cells would maximise the corresponding 
difference in displacement between contracted and non-contracted states. To verify alignment was 
successful, the following analysis was conducted. 
3.3.5.1 Quantification of Cellular Alignment with 2D FFTs 
Given that the cytoskeletal component actin is a well known indicator of cellular orientation, 
determination of cellular alignment was achieved through analysis of micrographs from the LifeAct-GFP 
channel obtained during long-term imaging.233–235 To quantify the alignment of cells we compared two 
dimensional fast Fourier transforms (2D FFTs) of images obtained from time-lapse microscopy. The 
power spectrum of the 2D FFT of an images can be used to compare the presence of features at a given 
orientation.236 Summing the power spectrum of 2D FFT images at a given angle the prominence of cell 
features at given orientations is compared between the different substrate types. This method is 
advantages as it can provide orientation distributions for images of overlapping features. Further, its speed 
and robust nature make it the preferred calculation methods for quantification of alignment distributions 
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in this large data set. Prior to calculation of 2DFFTs, the background of each image set was subtracted from 
each image. The background image was created from initially images prior to cell spreading and 
movement. Using MATLAB 2015b, a FFT transform of each frame of the fluorescent LifeAct-GFP channel 
of time-lapse microscopy was taken. The magnitude spectrum was rearranged to move zero frequency 
components to the centre of the FFT array. The angle of each pixel from the centre was calculated and its 
saturation summed to give the relative strength of different angle bands within the FFT array. Points close 
to the centre of the array were excluded as their close location to the centre corresponds to low angular 
resolution and results in data skewed to certain angles. This gave the total power of the 2D FFT at a given 
angle and could be used to compare the presence of features at a given orientation. For each topography 
type, the power spectrums from each field of view at a given time point were combined and normalized. 
Following calculation of the power spectrums across the complete 21 days, spectrums for a given substrate 
were combined and graphed as a surface. The MATLAB code to complete the above described analysis is 
included in Appendix 3D. 
3.3.5.2 Results of Cellular Alignment with 2D FFTs 
An image with a 2D-FFT showing a high magnitude at a given angle indicates that the image contains pixels 
of similar intensity aligned at that particular angle. As shown in Figure 59 cells initially had no preference 
in their orientation across all topographies. 
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Figure 59: Shows the relative magnitude of features (z axis) at a given angle (x axis) over the 21 d (y axis) culture period. The relative 
magnitude of different angles shows strong and consistent alignment for aligned topographies. 
Specifically, at day 0 the relative magnitude of any given angle is comparable across all topographies. This 
reflects the absence of elongation in a specific direction and thus circularity metrics at day 0. Following 
from day 0 through to 21 days, a consistent and high degree of alignment is evident for aligned topography 
(Figure 59) as reflected in the prominent peak in the normalized sum of 2D-FFT magnitude at ~90° for all 
time points. Comparing bright field and fluorescent images confirms the alignment of the underlying 
topography is at ~90°. A prominent peak is not present for flat, flat-osteo and random topographies at any 
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given time point. This indicates that there is no consistent global alignment of cells when cultured over 
these topographies. 
3.4 Discussion 
The morphology of different cell phenotypes supports their function. Fat cells are round to maximize the 
fat they can store, and muscle cells are elongated and aligned such that actomyosin fibres align and 
contract in unison – that is, cell function follows its form, and cell form can be altered to regulate its 
function. Changes to the form of the extracellular environment regulate cell differentiation by influencing 
cell shape as well as mimicking the organization and anisotropies of ECM structures. Such organization of 
cells is ubiquitous in nature, particularly in muscles tissues where organization is critical to function. 
Without the organization of actomyosin in aligned filaments, and alignment of cells along fibres, the 
actions of cell-scale contractions would not sum and macroscale function would be lost. Additional 
examples include embryogenesis in which environmental anisotropies define morphogenetic processes 
such as the formation of the mesendoderm.237 It is believed that such anisotropies are reflected through a 
cells shape and the forces on the cell’s nucleus which then regulate transcription.24,238 For example, stem 
cell differentiation has been linked to the shape of a cellular nucleus and nuclear lamin-A proteins, which 
are regulated in response to changing physical environments such as substrate elasticity.239  
We examined the relationship between the cellular physical environment and cell shape using fluorescent 
time-lapse microscopy. Importantly, we directly measure cell shape over the different topographies. This 
is in contrast to previous work that instead defines the morphology of the topography to which cells attach 
neglecting the shape of the cells following attachment. This includes extensive quantitative reporting of 
the time-based morphological behavior of ASCs attaching to different topographies. While previous 
reports have quantified cell shape at discrete time points, ours is the first to report quantitative time based 
behaviors of stem cell morphology in response to differing topographies across long time periods. This 
reporting gives insights into the effects that underlying topographies have on cell shape. Our report shows 
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that nanotopographical alignment is able to induce alignment of ASCs when cultured on such a 
topography. With these methods we have determined the dynamic differences between differing 
topographies. We further demonstrated that topography alters other cell shape parameters including cell 
area, circularity and length of the major/minor axis. Specifically, cells cultured on aligned topographies 
have relatively large areas and major axis (Figure 57 A). This shape was reflected in the features of the 
underlying aligned topography which may promote directed formation through contact guidance effects.227 
Comparatively, random topographies support cells with a small area. Random topographies lack consistent 
features that would otherwise promote directed formation through contact guidance effects. The observed 
changes to cell shape correspond with altered osteogenic and myogenic expression. Myogenesis increased 
over aligned topographies relative to flat and random topographies. These increases reflect previous 
reports that suggest alignment and cell elongation positively influence myogenesis.24,26,174,224,225,240,241 
Interestingly, upregulation of the myogenic progenitor marker PAX7 is also seen despite random 
topographies having a cell shape that is most dissimilar to other topographies. This suggests factors in 
addition to cell shape contribute to cell fate.  
Osteogenic media induced cell shape changes when cultured with flat substrates – with cell area 
significantly increasing for osteogenic conditions. This result suggests that cells cultured on 2D substrates 
will have relatively large areas when differentiating towards the osteogenic lineage. This finding is in line 
with previous literature demonstrating larger cell area for osteogenic cells – an effect regulated through 
increased intracellular forces.17,232 However, this relationship is complicated by further observations. Large 
areas alone do not correlate to osteogenic function – as can be seen comparing aligned to flat topographies. 
The relatively larger cell area of aligned topographies does not correspond to increases expression of 
osteogenic markers. Thus we conclude that osteogenesis is not correlated to shape parameters alone. This 
is likely a result of the complex relationship between stem cell fate and the extracellular environment. This 
echoes ambiguities discussed by Oh et al. where nanotopography regulated changes to osteogenic 
differentiation, but also resulted in changes to material properties including hydrophilicity and protein 
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adsorption. It is additionally noted that changes to topography alter cell attachment density, with lower 
attachment for larger nanofeatures. Such changes obscure the fundamental regulator of such cell behaviors 
since the it is known that low seeding density increases osteogenic differentiation of MSCs.13,242  
Stem cell differentiation can be driven by changes to the mechanical and architectural properties of the 
extracellular environment. In practice this is often achieved by changing substrate stiffness or surface 
properties.9 While techniques to alter these properties are readily available and simple to implement, the 
relationship between a cells physical environment and its behavior is complex.  There are many examples 
of materials that present different cell behaviors in response to similar physical environments. For 
example, materials with aligned topography show conflicting reports with respect to their ability to regulate 
osteogenesis, with results supporting both upregulation19,20,243 and no significant change244,245 furthering the 
debate. Here, we show osteogenesis of ASCs is not regulated by either flat, random or aligned 
nanotopography. Contrary to these findings, a study by Kim et al., demonstrates that aligned topographies 
upregulate osteogenesis in MSCs.246 While, this study was limited to a comparison between aligned 
topographies and flat topographies, our study too included a flat topography control. In addition to this 
study, others have shown upregulation of osteogenesis. Namgung et al. demonstrated that MSCs cultured 
over aligned topographies upregulate osteogenesis relative to topographies with randomly oriented fibrous 
nanostructures. They extend their hypothesis to suggest that aligned topography regulates osteogenesis by 
increasing intracellular force. This claim is supported by upregulation in the expression of Ras homolog 
gene family, member A (RHOA), Rho-associated coiled-coil containing protein kinase 2 (ROCK2) and 
focal adhesion kinase (FAK – or protein tyrosine kinase 2 PTK2) – genes implicated in the transfer of 
intracellular force and regulation of cytoskeletal mechanotransduction. Contentiously, the authors state 
that the increased expression of these markers is due to the relatively larger area of cells cultures on aligned 
topographies and thus increased intracellular forces. Yet, cell area was not quantified in their study. 
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Myogenesis of ASCs is altered as a result of nanotopographical alignment. Specifically, gene expression 
analysis of ASCs cultured over random and aligned topographies shows myogenic markers DES, PAX7, 
MYH2 and MYF5 were upregulated relative to random topographies. However, the expression of MYOD1, 
a necessary marker for commitment towards the myogenic lineage was not upregulated.247 Dang et al. 
reported similar gene profiles for the differentiation of MSCs when comparing cultures between aligned 
electrospun nanofibers and flat substrates. However, unlike our study, this report does not examine the 
effects of fiber orientation, but rather compares aligned substrates to flat ones.24 Similar to our results, they 
showed that aligned topography did not alter osteogenic differentiation, but did upregulate myogenesis 
with upregulation of DES and PAX7 (as well as paired box 3 (PAX3), collagen type 4 (COL4) and myogenic 
factor 4 or myogenin (MYOG) and no change to the expression of MYOD1. The authors concluded that 
their substrates upregulated myogenesis, although the induced commitment was possibly transient and 
required further myogenic signaling for complete differentiation. We speculate this is a likely scenario for 
ASC differentiation to muscle progenitor cell in the present study. Similar to the report by Dang et al. and 
the results herein, Jana et al. compared the effects of aligned microchannels and flat films in a chitosan-
polycaprolactone hydrogel substrates and showed that aligned features induced cell alignment and 
upregulated the expression of MYOG but did not alter MYOD1 expression.248  
The influence of aligned topography on cell morphology and myogenesis is widespread.25,26,223–226 Similar 
to this work, Cooper et al. compared fibers of random and aligned orientations.224 While their study did 
not use stem cells, they showed increased attachment and proliferation of C2C12 myoblast cells over 
topographies with aligned fibers. Further, qRT-PCR showed aligned fibers upregulated MYOG, troponin 
and myosin heavy chain expression relative to substrates with randomly orientated fibers. A study by Choi 
et al. studied the effects of substrate type on myogenesis of ASCs. This study did not compare the effects 
of orientated topographies, but rather compared substrates without patterning to those with alternating 
channels of high and low stiffness polyacrylamide (similar to comparing flat and aligned topographies).225 
Patterning of the underlying substrate was reflected in the organization and morphology of ASCs. Cells 
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preferentially adhered to the stiff regions of the substrates aligning with the direction of the channels, 
increasing cell aspect ratio and enhancing myotube formation. However, no further functional analysis of 
stem cell differentiation was conducted. Yang et al. compared aligned to flat topographies along with the 
effects of coating these topographies with gold and titanium. While aligned topographies induced 
alignment of C2C12 myoblasts relative to flat topographies they did not alter the expression of MYF5, 
MYOG or MYOD1. However, coating the substrates with conductive films of gold and titanium did 
upregulate expression of these markers. The authors attribute this to the changes in inherent conductivity 
– a property known to upregulate myogenesis as reported elsewhere.174,249,250 It is possible that the 
regulatory effects of conductivity on differentiation are seen herein. Both random and aligned topographies 
are considerably more conductive than flat coverslip control topographies, and both see upregulation of 
the myogenic marker PAX7 at 14 and 21 days. However, in addition to PAX7, aligned topography also 
upregulates MYF5 at 14 days and MYF5 and DES at 21 days. Given that the contact angle and conductivity 
of random and aligned topographies are the same; P = 0.84 (See Supplementary Information), aligned 
topography (alignment of conductive CNTs) does upregulate myogenesis – suggesting that the physical 
and electrical properties of the extracellular environment work together to regulate cell differentiation. 
Previous reports have shown topography can induce similar changes in the expression of mRNA to that 
observed herein. Such an expression profile is similar to that of muscle progenitor cells in a quiescent 
undifferentiated state in which myogenesis is arrested and cells are free to proliferate assisting muscle 
regeneration. Such satellite cells are a distinct cell myogenic lineage responsible for postnatal growth and 
repair of muscle. These cells are characterized by the suppression of MYOD1 and an overexpression of 
PAX7 – as seen in our results.251 Further, such high expression of PAX7 has been hypothesized to not only 
specify satellite cell lineage but also restrict alternative developmental programs.252 Together these results 
suggest that ASCs cultured on aligned topographies differentiate to the muscle progenitor satellite cell 
state. 
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3.5 Conclusions 
We fabricated substrates with aligned or randomly organized fibrous nanostructured topographies with 
the use if CNTs. Culturing ASCs, we explored the dynamic relationship between the alignment of 
topography, cell shape and cell differentiation to osteogenic and myogenic lineages. We show aligned 
topographies differentiate cells towards a satellite cell muscle progenitor state - a distinct cell myogenic 
lineage responsible for postnatal growth and repair of muscle. 
We analysed cell shape between the different topographies, developing methods for long term fluorescent 
time-lapse imaging over 21 days. Such methods for long term imaging were unreported prior to this study. 
In contrast to previous work ion this field, this analysis technique allows the direct measurement of cell 
shape at a given time rather than defining the morphology of the underlying topography and neglecting 
consequential cell shape. We report quantitative metrics of the time-based morphological behaviours of 
cell shape in response to differing topographies. These methods offered insights into the relationship 
between topography, cell shape and cell differentiation. Cells differentiating towards a myogenic fate on 
aligned topographies adopt a characteristic elongated shape as well as the alignment of cells.  
This study has developed methods critical to forming a complete understanding of how topographical 
properties affect cell behaviour. Consequential future work will be better equipped to analyse the effects 
of topography on stem cell fate, and rationally design surfaces that elicit specified biological functions 
once placed in the body. Efforts to understand the relationship between substrate topography, its influence 
on cell shape and the mechanotransductive machinery of the cell should examine a wider range of 
phenotypes and substrates. Using the characterization techniques herein, fluorescent time-lapse imaging 
can be employed to examine dynamic cell shape behaviour over a wider range of phenotypes. The full 
potential of such an approach could be maximised when used with machine learning techniques (that can 
be used to establish non-linear relationships between properties of differing populations, such as statistical 
classification methods) clear relationships and predictions may be made between phenotype and dynamic 
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cell shape properties. A deeper understanding of these properties together with advances in 
nanofabrication techniques such as photolithography and 3D printing could be used to fabricate 
topographies that better drive cell differentiation in physiological settings. 
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5 Appendix 3A 
Code to extract shape metrics from CellProfiler .xlsx format and import into MATLAB R2015b 
concatenating all objects from a given substrate type and different fields of view and sorting for time since 
experiment start 
%% compiles and compares metrics of different substrate types 
% run script from directory with .xlsx data from CellProfiler 
  
close all; clear all; clc 
  
% initialise variables 
f = 1; 
     
% specify length of time for grouping of data (useful in significance tests 
tmean = 15; % (in min) (< minimum time interval groups everything) 
tttest2 = 15; % (in min) (< minimum time interval groups everything) 
  
% specify morphometric parameter of interest see below data below 
load('20151021_correctionfactors.mat') 
metric = 1; % change metric value to extract different parameter 
% 1 = area 
% 2 = compactness 
% 3 = eccentricity 
% 4 = areashapeextent 
% 5 = formfactor 
% 6 = majoraxislengthmicrometers 
% 7 = maximumradiusmicrometers 
% 8 = meanradiusmicrometers 
% 9 = minoraxislengthmicrometers 
% 10 = orientation 
% 11 = perimetermicrometers 
% 12 = solidity 
% 13 = velocitymicrometersperminute 
  
metriccorrection = correctionfactors{metric,2}; 
  
% setup variables to extract data from cell masks 
disp('extracting data from cell masks...') 
% get list of filenames (.xlsx from CellProfiler) 
filepaths = dir; 
for i = 1:length(filepaths) 
    temp(i) = {filepaths(i).name}; 
end 
filepaths = temp(3:end)'; 
a = strfind(filepaths,'xlsx'); 
filepaths(cellfun(@isempty,a)) = []; 
filepathsnoxlsx = regexprep(filepaths,'.xlsx',''); 
  
% intialise variable names for 'for' loop 
timename(1:length(filepathsnoxlsx),1) = {'time'}; 
metricsname(1:length(filepathsnoxlsx),1) = {'metrics'}; 
dataname(1:length(filepathsnoxlsx),1) = {'data'}; 
dataungroupedname(1:length(filepathsnoxlsx),1) = {'dataungrouped'}; 
timenamefp = horzcat(timename,filepathsnoxlsx); 
metricsnamefp = horzcat(metricsname,filepathsnoxlsx); 
datanamefp = horzcat(dataname,filepathsnoxlsx); 
ungroupedfp = horzcat(dataungroupedname,filepathsnoxlsx); 
  
for i = 1:length(filepaths) 
    namecell(i,1) = {strjoin(timenamefp(i,:),'')}; 
    namecell(i,2) = {strjoin(metricsnamefp(i,:),'')}; 
    namecell(i,3) = {strjoin(datanamefp(i,:),'')}; 
    namecell(i,4) = {strjoin(ungroupedfp(i,:),'')}; 
end 
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compileddata(2:(length(filepaths)+1),1) = filepathsnoxlsx; 
compileddata(1,2) = {'time'}; 
compileddata(1,3) = {'metrics'}; 
compileddata(1,4) = {'data'}; 
compileddata(1,5) = {'dataungrouped'}; 
  
% coverslips osteogenic - a2, b2 - extracts data from CellProfiler xlsx  
% parameters for % a2, b2 - coverslips osteogenic 
for i = 1:length(filepaths) 
    a = findstr(filepathsnoxlsx{i,1},'a2'); 
    b = findstr(filepathsnoxlsx{i,1},'b2'); 
    if isempty(a) == 0 || isempty(b) == 0 
        disp(strjoin({'now processing ', filepathsnoxlsx{i,1},'... ', num2str(i),' out of ', 
num2str(length(filepaths))},'')) 
        [timecell,metricscell,datacell,dataungroupedcell] =  
extractmorphometricsnomean(filepaths{i,1}, tmean); 
        compileddata((i+1),2) = {timecell}; 
        compileddata((i+1),3) = {metricscell}; 
        clearvars timecell metricscell datacell dataungroupedcell 
    end 
end 
  
% coverslips - c2, d2 - extracts data from CellProfiler xlsx  
% parameters for % c2, d2 - coverslips 
for i = 1:length(filepaths) 
    a = findstr(filepathsnoxlsx{i,1},'c2'); 
    b = findstr(filepathsnoxlsx{i,1},'d2'); 
    if isempty(a) == 0 || isempty(b) == 0 
        disp(strjoin({'now processing ', filepathsnoxlsx{i,1},'... ', num2str(i),' out of ', 
num2str(length(filepaths))},'')) 
        [timecell,metricscell,datacell,dataungroupedcell] =  
extractmorphometricsnomean(filepaths{i,1}, tmean); 
        compileddata((i+1),2) = {timecell}; 
        compileddata((i+1),3) = {metricscell}; 
        clearvars timecell metricscell datacell dataungroupedcell 
    end 
end 
  
% random CNT - c4, d4 - extracts data from CellProfiler xlsx  
% parameters for % c4, d4 - random CNT 
for i = 1:length(filepaths) 
    a = findstr(filepathsnoxlsx{i,1},'c4'); 
    b = findstr(filepathsnoxlsx{i,1},'d4'); 
    if isempty(a) == 0 || isempty(b) == 0 
        disp(strjoin({'now processing ', filepathsnoxlsx{i,1},'... ', num2str(i),' out of ', 
num2str(length(filepaths))},'')) 
        [timecell,metricscell,datacell,dataungroupedcell] =  
extractmorphometricsnomean(filepaths{i,1}, tmean); 
        compileddata((i+1),2) = {timecell}; 
        compileddata((i+1),3) = {metricscell}; 
        clearvars timecell metricscell datacell dataungroupedcell 
    end 
end 
  
% aligned CNT - c5, d5 - extracts data from CellProfiler xlsx  
% parameters for % c5, d5 - aigned CNT 
for i = 1:length(filepaths) 
    a = findstr(filepathsnoxlsx{i,1},'c5'); 
    b = findstr(filepathsnoxlsx{i,1},'d5'); 
    if isempty(a) == 0 || isempty(b) == 0 
        disp(strjoin({'now processing ', filepathsnoxlsx{i,1},'... ', num2str(i),' out of ', 
num2str(length(filepaths))},'')) 
        [timecell,metricscell,datacell,dataungroupedcell] =  
extractmorphometricsnomean(filepaths{i,1}, tmean); 
        compileddata((i+1),2) = {timecell}; 
        compileddata((i+1),3) = {metricscell}; 
        clearvars timecell metricscell datacell dataungroupedcell 
    end 
end 
  
data = compileddata(:,1:3) ; 
clearvars -except data 
  
% combine data across substrates 
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dcell(1,2) = {'time'} ; 
dcell(1,3) = {'area'} ; 
dcell(1,4) = {'circularity'} ; 
dcell(1,5) = {'majorax'} ; 
dcell(1,6) = {'minorax'} ; 
dcell(1,7) = {'velocity'} ; 
dcell(1,8) = {'velocityangle'} ; 
  
dcell(2,1) = {'FlatOsteo'} ; 
dcell(3,1) = {'Flat'} ; 
dcell(4,1) = {'Rand'} ; 
dcell(5,1) = {'Align'} ; 
  
% % FlatOsteo 
dcell(2,2) = 
{horzcat(data{2,2}{4,2},data{3,2}{4,2},data{4,2}{4,2},data{5,2}{4,2},data{6,2}{4,2},data{7,2}{4,
2})} ; 
dcell(2,3) = 
{horzcat(data{2,3}{1,2},data{3,3}{1,2},data{4,3}{1,2},data{5,3}{1,2},data{6,3}{1,2},data{7,3}{1,
2})} ; 
dcell(2,4) = 
{horzcat(data{2,3}{5,2},data{3,3}{5,2},data{4,3}{5,2},data{5,3}{5,2},data{6,3}{5,2},data{7,3}{5,
2})} ; 
dcell(2,5) = 
{horzcat(data{2,3}{6,2},data{3,3}{6,2},data{4,3}{6,2},data{5,3}{6,2},data{6,3}{6,2},data{7,3}{6,
2})} ; 
dcell(2,6) = 
{horzcat(data{2,3}{9,2},data{3,3}{9,2},data{4,3}{9,2},data{5,3}{9,2},data{6,3}{9,2},data{7,3}{9,
2})} ; 
dcell(2,7) = 
{horzcat(data{2,3}{13,2},data{3,3}{13,2},data{4,3}{13,2},data{5,3}{13,2},data{6,3}{13,2},data{7,
3}{13,2})} ; 
dcell(2,8) = 
{horzcat(data{2,3}{14,2},data{3,3}{14,2},data{4,3}{14,2},data{5,3}{14,2},data{6,3}{14,2},data{7,
3}{14,2})} ; 
  
% % Flat 
dcell(3,2) = {horzcat(data{8,2}{4,2},data{9,2}{4,2},data{10,2}{4,2})} ; 
dcell(3,3) = {horzcat(data{8,3}{1,2},data{9,3}{1,2},data{10,3}{1,2})} ; 
dcell(3,4) = {horzcat(data{8,3}{5,2},data{9,3}{5,2},data{10,3}{5,2})} ; 
dcell(3,5) = {horzcat(data{8,3}{6,2},data{9,3}{6,2},data{10,3}{6,2})} ; 
dcell(3,6) = {horzcat(data{8,3}{9,2},data{9,3}{9,2},data{10,3}{9,2})} ; 
dcell(3,7) = {horzcat(data{8,3}{13,2},data{9,3}{13,2},data{10,3}{13,2})} ; 
dcell(3,8) = {horzcat(data{8,3}{14,2},data{9,3}{14,2},data{10,3}{14,2})} ; 
  
% % Random 
dcell(4,2) = {horzcat(data{27,2}{4,2},data{28,2}{4,2},data{29,2}{4,2},data{30,2}{4,2})} ; 
dcell(4,3) = {horzcat(data{27,3}{1,2},data{28,3}{1,2},data{29,3}{1,2},data{30,3}{1,2})} ; 
dcell(4,4) = {horzcat(data{27,3}{5,2},data{28,3}{5,2},data{29,3}{5,2},data{30,3}{5,2})} ; 
dcell(4,5) = {horzcat(data{27,3}{6,2},data{28,3}{6,2},data{29,3}{6,2},data{30,3}{6,2})} ; 
dcell(4,6) = {horzcat(data{27,3}{9,2},data{28,3}{9,2},data{29,3}{9,2},data{30,3}{9,2})} ; 
dcell(4,7) = {horzcat(data{27,3}{13,2},data{28,3}{13,2},data{29,3}{13,2},data{30,3}{13,2})} ; 
dcell(4,8) = {horzcat(data{27,3}{14,2},data{28,3}{14,2},data{29,3}{14,2},data{30,3}{14,2})} ; 
  
% % Aligned 
dcell(5,2) = 
{horzcat(data{15,2}{4,2},data{16,2}{4,2},data{17,2}{4,2},data{18,2}{4,2},data{23,2}{4,2},data{24
,2}{4,2},data{25,2}{4,2},data{26,2}{4,2})} ; 
dcell(5,3) = 
{horzcat(data{15,3}{1,2},data{16,3}{1,2},data{17,3}{1,2},data{18,3}{1,2},data{23,3}{1,2},data{24
,3}{1,2},data{25,3}{1,2},data{26,3}{1,2})} ; 
dcell(5,4) = 
{horzcat(data{15,3}{5,2},data{16,3}{5,2},data{17,3}{5,2},data{18,3}{5,2},data{23,3}{5,2},data{24
,3}{5,2},data{25,3}{5,2},data{26,3}{5,2})} ; 
dcell(5,5) = 
{horzcat(data{15,3}{6,2},data{16,3}{6,2},data{17,3}{6,2},data{18,3}{6,2},data{23,3}{6,2},data{24
,3}{6,2},data{25,3}{6,2},data{26,3}{6,2})} ; 
dcell(5,6) = 
{horzcat(data{15,3}{9,2},data{16,3}{9,2},data{17,3}{9,2},data{18,3}{9,2},data{23,3}{9,2},data{24
,3}{9,2},data{25,3}{9,2},data{26,3}{9,2})} ; 
dcell(5,7) = 
{horzcat(data{15,3}{13,2},data{16,3}{13,2},data{17,3}{13,2},data{18,3}{13,2},data{23,3}{13,2},da
ta{24,3}{13,2},data{25,3}{13,2},data{26,3}{13,2})} ; 
dcell(5,8) = 
{horzcat(data{15,3}{14,2},data{16,3}{14,2},data{17,3}{14,2},data{18,3}{14,2},data{23,3}{14,2},da
ta{24,3}{14,2},data{25,3}{14,2},data{26,3}{14,2})} ; 
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% sort the vectors 
expandedcell = dcell ; 
  
for i = 2:5 
    [sortedtime, timeind] = sort(expandedcell{i,2}) ; 
    expandedcell(i,2) = {sortedtime} ; 
    for j = 3:8 
        metric = expandedcell{i,j} ; 
        metric = metric(timeind) ; 
        expandedcell{i,j} = metric ; 
    % expand out the time vector to match the number of entries in the metrics cells 
            if j == 3 
            for k = 1:length(expandedcell{i,j}) 
                lengthtoexpandto = length(expandedcell{i,j}{1,k}) ;  
                currenttime(1:lengthtoexpandto) = expandedcell{i,2}(1,k) ; 
                if k == 1 
                    expandedtime = []; 
                    expandedtime = currenttime ; 
                    expandedmetric = [] ;  
                    expandedmetric = expandedcell{i,j}{1,k}' ; 
                elseif k > 1 
                    expandedtime = horzcat(expandedtime,currenttime) ; 
                    expandedmetric = horzcat(expandedmetric,expandedcell{i,j}{1,k}') ; 
                end 
                clearvars currenttime 
            end 
            end 
             
            if j > 3 
            for k = 1:length(expandedcell{i,j}) 
                if k == 1 
                    clearvars expandedmetric 
                    expandedmetric = expandedcell{i,j}{1,k}' ; 
                elseif k > 1 
                     
                    [xs, ys] = size(expandedmetric); 
                    if xs > ys 
                        expandedmetric = expandedmetric'; 
                    end 
                    [xs, ys] = size(expandedcell{i,j}{1,k}'); 
                    if xs > ys 
                        expandedcell{i,j}(1,k) = {expandedcell{i,j}{1,k}'}; 
                    end 
expandedmetric = horzcat(expandedmetric,expandedcell{i,j}{1,k}') ; 
                end 
            end 
            end 
expandedcell{i,j} = expandedmetric ; 
    end 
    expandedcell{i,2} = expandedtime ; 
end 
  
% apply correction factors 
disp('have been corrected') 
for i = 2:5 
    expandedcell(i,3) = {correctionfactors{1,2}*expandedcell{i,3}} ;  
    expandedcell(i,4) = {correctionfactors{5,2}*expandedcell{i,4}} ;  
    expandedcell(i,5) = {correctionfactors{6,2}*expandedcell{i,5}} ;  
    expandedcell(i,6) = {correctionfactors{9,2}*expandedcell{i,6}} ;  
end 
  
% which vectors to remove with hampel filtering? 
meancell = dcell ; 
meanlowercell = dcell ; 
meanuppercell = dcell ; 
  
for i = 2:5 
    timeexpanded = expandedcell{i,2} ; 
    timeunique = unique(timeexpanded) ; 
    for j = 3:8 
        for k = 1:length(timeunique) 
            time = timeunique(k) ;  
            timeindex = timeexpanded == time ;  
            metric = expandedcell{i,j} ; 
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            metric = metric(timeindex) ; 
            meanmetric(k) = nanmean(metric) ; 
            sortmetric = sort(metric) ; 
            if length(sortmetric) == 1 
                meanlower(k) = sortmetric ; 
                meanupper(k) = sortmetric ; 
            else 
                [~, pos] = min(abs(sortmetric - mean(sortmetric))) ; 
                meanlower(k) =  sortmetric(round(pos/2)) ; % 25% to 75% values 
                meanupper(k) =  sortmetric(round((pos+length(sortmetric))/2)) ; 
            end 
        end 
    if j == 3 
        CF = correctionfactors{1,2} ; 
    elseif j == 4 
        CF = correctionfactors{5,2} ; 
    elseif j == 5 
        CF = correctionfactors{6,2} ; 
    else 
        CF = correctionfactors{9,2} ; 
    end 
    meanupper = meanupper*CF ; 
    meanlower = meanlower*CF ; 
    meanmetric = meanmetric*CF ;  
    meanuppercell(i,j) = {meanupper} ; 
    meanlowercell(i,j) = {meanlower} ; 
    meancell(i,j) = {meanmetric} ; 
    clearvars meanmetric meanupper meanlower 
    end 
    meancell(i,2) = {timeunique} ; 
    stdcell(i,2) = {timeunique} ; 
end 
  
meanlowercell(2:5,2) = meancell(2:5,2) ; 
meanuppercell(2:5,2) = meancell(2:5,2) ; 
  
% replace all hampel filtered values with the average value in the expanded cell 
for i = 2:5 
    for j = 3:8 
        [~, meancellind] = hampel(meancell{i,j},50,3) ; 
        meancell{i,j} = hampel(meancell{i,j},50,3) ; 
        meanuppercell{i,j} = hampel(meanuppercell{i,j},50,3) ; 
        meanlowercell{i,j} = hampel(meanlowercell{i,j},50,3) ; 
        % use meancellind to find times to remove 
        meantime = meancell{i,2} ; 
        time = meantime(meancellind) ; 
         
        expandedtime = expandedcell{i,2} ; 
        expandedmetric = expandedcell{i,j} ; 
         
        for k = 1:length(time) 
            time_loc = time(k) ; 
            meanmetric = meancell{i,j}; 
            expandedmetric(expandedtime == time_loc) = meanmetric(meantime == time_loc) ; 
        end 
         
        expandedcell{i,j} = expandedmetric ; 
    end 
end 
  
% scatterplots and plot the differnet metrics 
count = 1 ; 
for i = 2:5 
    for j = 3:8 
        figure(1) 
        subplot(4,6,count) 
        scatter(expandedcell{i,2},expandedcell{i,j}) 
        title(strjoin({expandedcell{i,1},expandedcell{1,j}})) 
        xlabel('time (d)') 
        figure(2) 
        subplot(4,6,count) 
        hold on 
        plot(meanuppercell{i,2},meanuppercell{i,j},'.-','color',[0.9, 0.9, 0.9]) 
        plot(meanlowercell{i,2},meanlowercell{i,j},'.-','color',[0.9, 0.9, 0.9]) 
        plot(meancell{i,2},meancell{i,j},'k') 
        title(strjoin({expandedcell{i,1},expandedcell{1,j}})) 
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        xlabel('time (d)') 
        count = count + 1 ; 
        hold off 
    end 
end 
  
%% 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
function [timecell, meanmetricscell, datacell, datacellungrouped] = 
extractmorphometrics(filepath, t) 
%   
%  t = X; % (in min) (< minimum time interval groups everything) 
%  filepath = 'C:\Users\Peter Newman\Google Drive\Docorate\Newman et al #3\2015.07.08 
A2_compiled_1-200.xlsx'; 
  
%% open excel file from cell profiler 
data = readtable(filepath); 
datacell = table2cell(data); 
  
%% seperate data table into cells for each frame 
cellsize = size(datacell); 
lastpoint = 1; 
j = 1; 
for i = 1:cellsize(1,1) 
    if i > 1 
        isthisanewframe = table2array(datacell(i,1)) - isthisanewframe; 
        if isthisanewframe > 0 
        framematrix = datacell(lastpoint:(i-1),:); 
        lastpoint = i; 
        framematrixsize = size(framematrix); 
            if framematrixsize(1,1) > 300 
                framematrix = []; 
            end 
        framedatacell{1,j} = framematrix; 
        j = j+1; 
        end 
    end 
        isthisanewframe = table2array(data(i,1)); 
    if i == cellsize(1,1); 
        framematrix = datacell(lastpoint:i,:); 
        framedatacell{1,j} = framematrix; 
    end 
end 
framedatacell(~cellfun('isempty',framedatacell)); 
datacell = framedatacell; 
  
%% create vector with time since t1 = 0 (mins) (since starting @ ...) for each frame 
t1 = [2015 04 16 13 30 0]; 
  
for i = 1:length(datacell) 
    if isempty(datacell{1,i}) == 0 
    filename = datacell{1,i}{1,3}; 
    filename(strfind(filename, '_')) = []; 
    year = '2015'; 
    % month value 
    index = strfind(filename, 'y'); 
    index = index(length(index)); 
    month = sscanf(filename(index(1) + length('y'):end), '%g', 1); 
    month = num2str(month); 
     
    % day value 
    index = strfind(filename, 'm'); 
    index = index(length(index)-1); 
    day = sscanf(filename(index(1) + length('m'):end), '%g', 1); 
    day = num2str(day); 
     
    % hour value 
    index = strfind(filename, 'd'); 
    index = index(length(index)); 
    hour = sscanf(filename(index(1) + length('d'):end), '%g', 1); 
    hour = num2str(hour); 
     
    % min value 
    index = strfind(filename, 'h'); 
    index = index(length(index)); 
 144 
    min = sscanf(filename(index(1) + length('h'):end), '%g', 1); 
    min = num2str(min); 
    sec = '0'; 
    space = ' '; 
    comma = ','; 
    colon = ':'; 
    hourminsec = strcat(hour,colon,min,colon,sec); 
    timestring = [month space day comma space year space hourminsec]; 
    t2 = datevec(timestring,'mmmm dd, yyyy HH:MM:SS'); 
     
    elapsedtimeseconds = etime(t2,t1); 
    elapsedtimevectorsecondsungrouped(1,i) = elapsedtimeseconds; 
    end 
end 
elapsedtimevectorminutesungrouped = elapsedtimevectorsecondsungrouped/60; 
elapsedtimevectorhoursungrouped = elapsedtimevectorminutesungrouped/60; 
elapsedtimevectordaysungrouped = elapsedtimevectorhoursungrouped/24; 
 
%% regroup everything into cells which cover a length of time specified by 't' ; specify t at 
begining of script  
datacellungrouped = datacell; 
clear datacell 
  
%t = 1; % (in min) (< minimum time interval groups everything) 
for tgroup = 0:t:max(elapsedtimevectorminutesungrouped) 
    [~,ind] = find(elapsedtimevectorminutesungrouped(1,:) >= tgroup & 
elapsedtimevectorminutesungrouped(1,:) < (tgroup+t)); 
     if isempty(ind) == 0 
         datacell{1,(tgroup/t+1)} = vertcat(datacellungrouped{1,ind(1,1):ind(length(ind))}); 
     end 
    elapsedtimevectorminutes(1,(tgroup/t+1)) = tgroup; 
end 
elapsedtimevectorseconds = elapsedtimevectorminutes*60; 
elapsedtimevectorhours = elapsedtimevectorminutes/60; 
elapsedtimevectordays = elapsedtimevectorhours/24; 
  
% get list for all empty entries in datacell, then remove them, then remove the same entries in 
the timevectors 
elapsedtimevectorseconds = elapsedtimevectorseconds(find(~cellfun(@isempty,datacell))); 
elapsedtimevectorminutes = elapsedtimevectorminutes(find(~cellfun(@isempty,datacell))); 
elapsedtimevectorhours = elapsedtimevectorhours(find(~cellfun(@isempty,datacell))); 
elapsedtimevectordays = elapsedtimevectordays(find(~cellfun(@isempty,datacell))); 
datacell = datacell(find(~cellfun(@isempty,datacell))); 
  
%% get vector data for analysis, graphing etc 
for i = 1:length(datacell) 
    [x y] = size(datacell{1,i}); 
% morphometrics 
    mean_areamicrometerssquared_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,6)))*(1.22*1.22); 
%1.22 to go from pixel to um^2 
    mean_compactness_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,9))); 
    mean_eccentricity_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,10))); 
    mean_areashapeextent_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,12))); 
    mean_formfactor_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,13))); 
    mean_majoraxislengthmicrometers_vector(1,i) = (mean(cell2mat(datacell{1,i}(1:x,14))))*1.22; 
    mean_maximumradiusmicrometers_vector(1,i) = (mean(cell2mat(datacell{1,i}(1:x,16))))*1.22; 
    mean_meanradiusmicrometers_vector(1,i) = (mean(cell2mat(datacell{1,i}(1:x,17))))*1.22; 
    mean_minoraxislengthmicrometers_vector(1,i) = (mean(cell2mat(datacell{1,i}(1:x,20))))*1.22; 
    mean_orientation_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,21))); 
    mean_perimetermicrometers_vector(1,i) = (mean(cell2mat(datacell{1,i}(1:x,22))))*1.22; 
    mean_solidity_vector(1,i) = mean(cell2mat(datacell{1,i}(1:x,23))); 
     
    if i == 1 
         mean_displacementmicrometers_vector(1,i) = 0; 
    else 
        % migration metrics note  
        displacement_vector = cell2mat(datacell{1,i}(1:x,28)); 
        % remove all zeros from mean displacement vector (these are cells that are yet to have a 
displaement value) 
        displacement_vector(displacement_vector==0) = []; 
        % times vector by 1.22 since there is 1.22 um/pixel @ x10 magnification on in incucyte 
        displacement_vector = displacement_vector*1.22; 
        % displacement since last frame to a velocity 
        timebetweenframesminutes = elapsedtimevectorminutes(1,i)-elapsedtimevectorminutes(1,i-
1); 
        velocity_vector = displacement_vector/timebetweenframesminutes; % now in 
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micrometers/minute 
        mean_velocitymicrometersperminute_vector(1,i) = mean(velocity_vector); 
    end 
end 
     
%% organise into manageable cells 
% time cell 
timecell{1,1} = 'elapsedtimevectorseconds'; 
timecell{2,1} = 'elapsedtimevectorminutes'; 
timecell{3,1} = 'elapsedtimevectorhours'; 
timecell{4,1} = 'elapsedtimevectordays'; 
timecell{1,2} = elapsedtimevectorseconds; 
timecell{2,2} = elapsedtimevectorminutes; 
timecell{3,2} = elapsedtimevectorhours; 
timecell{4,2} = elapsedtimevectordays; 
  
timecell{6,1} = 'elapsedtimevectorsecondsungrouped'; 
timecell{7,1} = 'elapsedtimevectorminutesungrouped'; 
timecell{8,1} = 'elapsedtimevectorhoursungrouped'; 
timecell{9,1} = 'elapsedtimevectordaysungrouped'; 
timecell{6,2} = elapsedtimevectorsecondsungrouped; 
timecell{7,2} = elapsedtimevectorminutesungrouped; 
timecell{8,2} = elapsedtimevectorhoursungrouped; 
timecell{9,2} = elapsedtimevectordaysungrouped; 
  
% mean metrics cell 
meanmetricscell{1,1} = 'mean_areamicrometerssquared_vector'; 
meanmetricscell{2,1} = 'mean_compactness_vector'; 
meanmetricscell{3,1} = 'mean_eccentricity_vector'; 
meanmetricscell{4,1} = 'mean_areashapeextent_vector'; 
meanmetricscell{5,1} = 'mean_formfactor_vector'; 
meanmetricscell{6,1} = 'mean_majoraxislengthmicrometers_vector'; 
meanmetricscell{7,1} = 'mean_maximumradiusmicrometers_vector'; 
meanmetricscell{8,1} = 'mean_meanradiusmicrometers_vector'; 
meanmetricscell{9,1} = 'mean_minoraxislengthmicrometers_vector'; 
meanmetricscell{10,1} = 'mean_orientation_vector'; 
meanmetricscell{11,1} = 'mean_perimetermicrometers_vector'; 
meanmetricscell{12,1} = 'mean_solidity_vector'; 
meanmetricscell{13,1} = 'mean_velocitymicrometersperminute_vector'; 
meanmetricscell{1,2} = mean_areamicrometerssquared_vector; 
meanmetricscell{2,2} = mean_compactness_vector; 
meanmetricscell{3,2} = mean_eccentricity_vector; 
meanmetricscell{4,2} = mean_areashapeextent_vector; 
meanmetricscell{5,2} = mean_formfactor_vector; 
meanmetricscell{6,2} = mean_majoraxislengthmicrometers_vector; 
meanmetricscell{7,2} = mean_maximumradiusmicrometers_vector; 
meanmetricscell{8,2} = mean_meanradiusmicrometers_vector; 
meanmetricscell{9,2} = mean_minoraxislengthmicrometers_vector; 
meanmetricscell{10,2} = mean_orientation_vector; 
meanmetricscell{11,2} = mean_perimetermicrometers_vector; 
meanmetricscell{12,2} = mean_solidity_vector; 
meanmetricscell{13,2} = mean_velocitymicrometersperminute_vector; 
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6 Appendix 3B 
Code to determine F-score between two non linear lines when fitted to the arbitrary equation ‘typefit’ 
% function as above - compare two lines and obtain F-scorce 
function [F, pvalueDOF2, fitresultY1, fitresultY2, fitresultY1Y2] = 
fscore_comparetwolines_noplot(Y1, Y2, X, typefit) 
 
[minX, indX] = min(X); 
newzero = 1E-99; 
if minX == 0 
    X_ = X;     
    X(indX) = newzero; 
    Y1_ = Y1; 
    Y2_ = Y2;     
end 
  
% replace NaN with average of adjacent points 
nanY1 = find(isnan(Y1)); 
nanY2 = find(isnan(Y2)); 
  
if isempty(nanY1) == 0 
    for i = 1:length(nanY1) 
        Y1(nanY1(i)) = Y1(nanY1(i)-1); 
    end 
end 
if isempty(nanY2) == 0 
    for i = 1:length(nanY2) 
        Y2(nanY2(i)) = Y2(nanY2(i)-1); 
    end 
end 
  
% Curve fitting 
% Set up fit type and options 
ft = fittype(typefit); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.DiffMinChange = 1e-15; 
opts.Display = 'Off'; 
tf = strcmp('power1',typefit); 
if tf == 1 
opts.StartPoint = [3379.32547465518 0.00611895654285721]; 
end 
tf = strcmp('power2',typefit); 
if tf == 1 
opts.StartPoint = [3379.32547465518 0.00611895654285721 3.05130578806621]; 
end 
  
% Fit model to data 
[fitresultY1, gofY1] = fit( X', Y1', ft, opts ); 
[fitresultY2, gofY2] = fit( X', Y2', ft, opts ); 
  
% Fit Curve To Joint Data 
Y1Y2 = horzcat(Y1,Y2); 
XX = horzcat(X,X); 
[fitresultY1Y2, gofY1Y2] = fit( XX', Y1Y2', ft, opts ); 
  
if minX == 0 
X = X_;     
Y1 = Y1_; 
Y2 = Y2_; 
end 
  
SSpool = gofY1Y2.sse; 
SSsep = gofY1.sse + gofY2.sse; 
dfpool = gofY1Y2.dfe; 
dfsep = gofY1.dfe + gofY2.dfe; 
F = ((SSpool-SSsep)/(dfpool-dfsep))/(SSsep/dfsep); 
pvalueDOF2 = 1 - fcdf(F,dfpool,dfsep);
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7 Appendix 3C 
Code to determine divergence specified as P > 0.05 for F-score as per Appendix 3B between any non-linear 
lines at time greater than 0 
% At what time do the difference substrates diverge parameters? example 
% Note code for cell shape parameter area comparing flat and flatosteo – needs modification of 
paramters to compare ‘rand’, ‘align’ etc 
w = warning ('off','all'); 
clear all; close all; clc 
load('20160608_data_nonmean.mat') % loads in all shape parameters for each frame 
load('20151021_correctionfactors.mat') % loads in correction factors 
data = meancell; 
  
timemaster = data{2,2}; 
timeinterval = timemaster(2)-timemaster(1); 
disp(strjoin({'time interval is',num2str(timeinterval),'hours'})) 
  
ft = 'power1'; 
metric = 3; % area 
% Flat-osteo 
flatosteo = data{2,metric}; 
% Flat 
flat = data{3,metric}; 
% Rand 
rand = data{4,metric}; 
% Align 
align = data{5,metric}; 
  
% make length of all Y vectors equal with interp1 
timemaster = data{2,2}; 
mintime = min(timemaster); 
maxtime = max(timemaster); 
disp(strjoin({'maxtime =',num2str(maxtime)})); 
timeinterval = timemaster(2)-timemaster(1); 
  
% timemaster = mintime:timeinterval:maxtime; 
flatosteo = interp1(data{2,2},flatosteo,timemaster,'cubic'); 
flat = interp1(data{3,2},flat,timemaster,'cubic'); 
rand = interp1(data{4,2},rand,timemaster,'cubic'); 
align = interp1(data{5,2},align,timemaster,'cubic'); 
  
% step through each time comparing area vectors for flat and flatosteo - 
% change variables to extend analysis; script displays time at each 
% timepoint that lines are equivalent - take last disp value for final data 
% point 
for i = 2:length(timemaster) 
time = timemaster(1:i); flatosteo_ = flatosteo(1:i); flat_ = flat(1:i); 
[F, pvalueDOF2, fitresultY1, fitresultY2, fitresultY1Y2] = 
fscore_comparetwolines_noplot(flatosteo_, flat_, time, ft); 
if pvalueDOF2 >= 0.05 
    similarityvector(i) = 1; 
    F_ = F; 
    pvalueDOF2_ = pvalueDOF2; 
    fitresultY1_ = fitresultY1; 
    fitresultY2_ = fitresultY2; 
    fitresultY1Y2_ = fitresultY1Y2; 
    time_ = max(time); 
else 
    similarityvector(i) = 0; 
end 
end 
  
if exist('time_') == 1 
    disp(strjoin({'area: flatosteo/flat - time at last similarity =',num2str(time_)})) 
else 
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    disp(strjoin({'area: flatosteo/flat - time at last similarity =',num2str(0)})) 
end 
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8 Appendix 3D 
Code to turn time lapse imaging into 3D surface plot showing the relative magnitude of features (z axis) at 
a given angle (x axis) over the 21 d (y axis) culture period 
% run from directory that contains all of the image files for a given  
clear all; close all; clc;  %#ok<*CLALL> 
  
dirinfo = dir(); 
dirinfo([dirinfo.isdir]) = [];  %remove non-files 
dirinfo = struct2cell(dirinfo); 
dirinfo = dirinfo(1,:); 
dirinfo = transpose(dirinfo); 
  
count = 1; 
disp('processing...') 
for filenumber = 1:1%length(dirinfo) 
    if strcmp('circle.jpg',dirinfo(filenumber)) 
        disp('circle found') 
    else 
        [fftvector, slice] = fftslicetovector(filenumber, dirinfo); 
        fftdata(count,1) = dirinfo(filenumber); 
        fftdata(count,2) = {fftvector(:,2)}; 
        if exist('radiansvector','var') 
            if fftvector(:,1) ~= radiansvector 
                warning('fftvector(2,:) ~= radiansvector') 
            end 
        else 
            radiansvector = fftvector(:,1); 
        end 
        count = count + 1; 
        if mod(count,100) == 1 
            tic 
        end 
        if mod(count,100) == 0 
            disp('100 files is taking...') 
            toc 
            disp(strjoin({num2str(filenumber),'files of',num2str(length(dirinfo)),'analysed'}))           
            disp(strjoin({num2str(100*filenumber/length(dirinfo))})) 
        end 
  
    end 
end 
  
% add datetime column to fftdata 
experimentstartime = [2015,4,16,13,0,0]; 
for i = 1:length(fftdata) 
    timechar = fftdata{i,1}; 
    if length(timechar) > 28 
        year = str2double(timechar(12:15)); 
        month = str2double(timechar(17:18)); 
        day = str2double(timechar(20:21)); 
        hour = str2double(timechar(24:25)); 
        min = str2double(timechar(27:28)); 
        time = [year,month,day,hour,min,0]; 
        elapsedseconds(i,1) = etime(time,experimentstartime); 
    else 
        elapsedseconds(i,1) = NaN; 
    end 
    % axis is in days currently 
    fftdata(i,3) = {elapsedseconds(i,1)*(1/60/60/24)}; 
end 
elapsedmin = elapsedseconds/60; 
elapsedhour = elapsedmin/60; 
elapseddays = elapsedhour/24; 
  
% split fftdata into substrate/media type 
CVost_locations = {'_A2','_B2'};  
CVexp_locations = {'_C2','_D2'}; %CVexp_locations = {'_A2','_B2','_C2','_D2'}; 
 150 
FNexp_locations = {'_C3','_D3'}; %FNexp_locations = {'_A3','_B3','_C3','_D3'}; 
RCNTexp_locations = {'_C4','_D4'}; %RCNTexp_locations = {'_A4','_B4','_C4','_D4'}; 
ACNTexp_locations = {'_C5','_D5'}; %ACNTexp_locations = {'_A5','_B5','_C5','_D5'}; 
  
for i = 1:length(fftdata) 
    for j = 1:2 
        CVost_fftdata(i,j) = {findstr(CVost_locations{1,j},fftdata{i,1})}; %#ok<*FSTR> 
        CVexp_fftdata(i,j) = {findstr(CVexp_locations{1,j},fftdata{i,1})}; 
        FNexp_fftdata(i,j) = {findstr(FNexp_locations{1,j},fftdata{i,1})}; 
        RCNTexp_fftdata(i,j) = {findstr(RCNTexp_locations{1,j},fftdata{i,1})}; 
        ACNTexp_fftdata(i,j) = {findstr(ACNTexp_locations{1,j},fftdata{i,1})}; 
    end 
end 
  
CVost_fftdata = ~cellfun(@isempty,CVost_fftdata); 
CVexp_fftdata = ~cellfun(@isempty,CVexp_fftdata); 
FNexp_fftdata = ~cellfun(@isempty,FNexp_fftdata); 
RCNTexp_fftdata = ~cellfun(@isempty,RCNTexp_fftdata); 
ACNTexp_fftdata = ~cellfun(@isempty,ACNTexp_fftdata); 
  
CVost_fftdata = sum(CVost_fftdata')'; %#ok<*UDIM> 
CVost_fftdata(CVost_fftdata > 1) = 1; 
CVexp_fftdata = sum(CVexp_fftdata')'; 
CVexp_fftdata(CVexp_fftdata > 1) = 1; 
FNexp_fftdata = sum(FNexp_fftdata')'; 
FNexp_fftdata(FNexp_fftdata > 1) = 1; 
RCNTexp_fftdata = sum(RCNTexp_fftdata')'; 
RCNTexp_fftdata(RCNTexp_fftdata > 1) = 1; 
ACNTexp_fftdata = sum(ACNTexp_fftdata')'; 
ACNTexp_fftdata(ACNTexp_fftdata > 1) = 1; 
  
CVost_fftdata = fftdata(find(CVost_fftdata),[3 2]); %#ok<*FNDSB> 
CVexp_fftdata = fftdata(find(CVexp_fftdata),[3 2]); 
FNexp_fftdata = fftdata(find(FNexp_fftdata),[3 2]); 
RCNTexp_fftdata = fftdata(find(RCNTexp_fftdata),[3 2]); 
ACNTexp_fftdata = fftdata(find(ACNTexp_fftdata),[3 2]); 
  
% combine fft from the same given time into a mean for surface plots 
disp(CVost_fftdata) 
CVost_fftdata = meanffttimes(CVost_fftdata); 
CVexp_fftdata = meanffttimes(CVexp_fftdata); 
FNexp_fftdata = meanffttimes(FNexp_fftdata); 
RCNTexp_fftdata = meanffttimes(RCNTexp_fftdata); 
ACNTexp_fftdata = meanffttimes(ACNTexp_fftdata); 
  
% plot everything 
close all; 
  
timesubdivisions = 100; 
fftsurfaceplot(radiansvector, CVost_fftdata, timesubdivisions) 
title('CVosteo') 
fftsurfaceplot(radiansvector, CVexp_fftdata, timesubdivisions) 
title('CVexpansion') 
fftsurfaceplot(radiansvector, FNexp_fftdata, timesubdivisions) 
title('FNexpansion') 
fftsurfaceplot(radiansvector, RCNTexp_fftdata, timesubdivisions) 
title('RCNTexpansion') 
fftsurfaceplot(radiansvector, ACNTexp_fftdata, timesubdivisions) 
title('ACNTexpansion') 
  
%% function 
function [fftvector, slice] = fftslicetovector(filenumber, dirinfo) 
  
        % initialisation 
        padfactor = 4; 
        % default = 4; larger is more padding - padding removes high frequency artifacts 
        downsize = 2; 
        % default = 2; larger is more downsizing - change for speed 
        resolutiondegrees = 0.5; % default = 0.5 in degrees - change for speed 
        resolutionradians = resolutiondegrees*(pi/180); 
         
% read in the image file - specified by filenumber 
slice = double(imread(dirinfo{filenumber})); 
% make slice a square 
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[height, width] = size(slice); 
slice(:,end-(width-height)/2:end) = []; 
slice(:,1:((width-height)/2)-1) = []; 
slice = slice/max(max(slice)); 
% resize image 
slice = imresize(slice, 1/downsize); 
  
% remove edge effects (cut out only a circle) 
[height, width] = size(slice); 
for i = 1:height 
    for j = 1:width 
        if (abs(height/2-i)^2+abs(width/2-j)^2)^0.51 > height/2 
            slice(i,j) = 0; 
        end 
    end 
end       
% stretch to max range and normalise 
slice = slice-min(min(slice)); 
slice = slice/max(max(slice)); 
  
% calculate fft 
fftslice = fft2(slice,padfactor*length(slice),padfactor*length(slice)); 
% remove/reorganize freq/complex etc 
fftslicemag = abs(fftshift(fftslice)); 
  
% sum FFT magnitude around image 
[X0, Y0] = size(fftslicemag); 
X0 = X0/2; 
Y0 = Y0/2; 
[Y, X, z]=find(fftslicemag); 
X=X-X0; Y=Y-Y0; 
theta = atan2(Y,X); 
% only sum a circle of fft values 
rho = sqrt(X.^2+Y.^2); 
% remove all theta < 0 (since image is symetric) we only need to sum half of it 
thetatrue = theta > 0; 
rho = rho.*thetatrue; 
z = z.*thetatrue; 
theta = theta.*thetatrue; 
temp = find(~thetatrue); 
% remove all zero values 
rho(temp) = []; 
z(temp) = []; 
theta(temp) = []; 
rhotrue = rho < X0; 
z = z.*rhotrue; 
% highpass filter removes low freq component with poor resolution  
rhotrue = rho > X0/4; 
z = z.*rhotrue; 
% round all values of theta to the nearest 'resolutiondegrees/resolutionradians' value 
theta = round2(theta,resolutionradians); 
% at each unique value of theta sum the magsort 
thetaunique = unique(theta); 
clear fftvector 
fftmag = zeros(length(thetaunique),1); 
  
for i = 1:length(thetaunique) 
    fftmag(i,1) = sum(z(theta==thetaunique(i))); 
end 
fftmag(1,1) = sum([fftmag(1,1), fftmag(end,1)]); 
fftmag(end,:) = []; 
thetaunique(end,:) = []; 
  
fftmag(1) = mean(fftmag(1:ceil(2/resolutiondegrees))); 
fftmag = fftmag - min(fftmag); 
fftmag = fftmag/max(fftmag); 
if length(thetaunique) ~= length(fftmag) 
    length(thetaunique) 
    length(fftmag) 
    disp('length(thetaunique) ~= length(fftmag(1:end-1))') 
end 
fftvector(:,1) = thetaunique; 
fftvector(:,2) = fftmag; 
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%% 
function subs = meanffttimes(subs_fftdata) 
  
uniquet = unique(cell2mat(subs_fftdata(:,1))); 
if length(uniquet) <= 0 
    subs = []; 
else 
    for i = 1:length(uniquet) 
        ffttoaverage = subs_fftdata(find(cell2mat(subs_fftdata(:,1))==uniquet(i)),2); 
        if length(ffttoaverage) > 1 
            for j = 1:length(ffttoaverage) 
                ffttoaverage1(j,:) = ffttoaverage{j,1}; 
            end 
            fftaverage = mean(ffttoaverage1); 
        else 
            fftaverage = ffttoaverage{1,1}; 
        end 
        subs(i,1) = {uniquet(i)}; 
        subs(i,2) = {fftaverage}; 
    end 
end 
         
%%         
function fftsurfaceplot(radiansvector, fftdata, numbertimei) 
  
if isempty(fftdata) 
    warning('fftdata is empty') 
else 
colormap('parula') 
for i = 1:length(fftdata) 
    fftsurface(:,i) = fftdata{i,2}; 
end 
  
radiansvector = sort(radiansvector,'descend'); 
timevector = cell2mat(fftdata(:,1)); 
timei = 0:max(timevector)/numbertimei:max(timevector); 
[xi1, yi1] = meshgrid(timevector, radiansvector*180/pi); 
[xi2, yi2] = meshgrid(timei, 1:180); 
fftsurfacei = interp2(xi1, yi1, fftsurface, xi2, yi2,'cubic'); 
% normalisation of this surface 
fftsurfacei = fftsurfacei-min(min(fftsurfacei)); 
fftsurfacei = fftsurfacei/max(max(fftsurfacei)); 
figure 
surf(timei, 1:180, fftsurfacei) 
ylabel(strjoin({'degrees (',char(176),')'},'')) 
xlabel('time (d)') 
view([-114 43]) 
  
end
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